






Technische Universität Dresden 
 




zur Erlangung des akademischen Grades 
“Dr. rer. nat.” 
 
ANALYSIS OF THE ROLE OF THE 
ATYPICAL CADHERIN FAT2 DURING TISSUE ELONGATION IN 




Vorgelegt von: Franziska Aurich (Master of Science) 
 Geboren am: 12.01.1988 in Zwickau 
 Matrikelnummer: 3692608 
Verteidigt am: 10.04.2017 
Betreuer: Prof. Dr. Christian Dahmann 
Gutachter: Prof. Dr. Christian Dahmann 
 Prof. Dr. Elisabeth Knust 




Tissue elongation is an important requirement for proper tissue 
morphogenesis during animal development. The Drosophila egg chamber is 
an excellent model to study the molecular processes underlying tissue 
elongation. An egg chamber is composed of germline cells that are enveloped 
by a somatic follicle epithelium. While the egg chamber matures, the drastic 
increase of the egg chamber’s volume is accompanied by a shape change 
from round to oval. Egg chamber elongation coincides with a circumferential 
alignment of F-actin filaments, microtubules, and fibrils of the extracellular 
matrix (ECM). Additionally, egg chambers rotate around their future long axis. 
It has been proposed that this rotation aligns F-actin filaments and ECM 
fibrils. The circumferentially aligned F-actin and ECM fibrils form a molecular 
corset that promotes egg chamber elongation. The atypical cadherin Fat2 is 
required for egg chamber rotation, the circumferential alignment of F-actin, 
microtubules, and ECM fibrils and for egg chamber elongation. However, the 
molecular mechanisms by which Fat2 influences egg chamber elongation 
remain unknown. 
In my thesis I performed a structure-function analysis of Fat2. I generated a 
Fat2 version that lacks the intracellular region and a second version, which 
lacks both intracellular region and the transmembrane domain and tested their 
ability to compensate for Fat2 functions in fat2-/- mutant egg chambers. My 
results reveal that the intracellular region is required for the microtubule 
alignment, and for egg chamber rotation. In contrast, the intracellular region is 
not required for F-actin and ECM alignment, and for egg chamber elongation. 
Hence, my findings for the first time demonstrate that egg chamber rotation is 
not required for F-actin and ECM fibril alignment and that egg chamber 
elongation can occur independently from egg chamber rotation. My work 
uncouples some of the parallel processes that take place during oogenesis 
and changes the view on the mechanisms that drive tissue elongation in this 




Das Strecken von Geweben ist ein wichtiger Prozess bei der Gestaltbildung 
während der Entwicklung von Organismen. Die Eikammer von Drosophila ist 
ein hervorragendes Modellsystem, um die Gewebestreckung zu untersuchen. 
Eine Eikammer besteht aus Keimbahnzellen und einem einschichtigen 
Follikelepithel, das die Keimbahn umschließt. Während die Eikammer 
heranwächst durchläuft sie eine drastische Gestaltveränderung von rund nach 
oval. Zeitgleich zur Streckung der Eikammer weist das Follikelepithel parallel 
angeordnete F-actin−Filamente, Mikrotubuli und Fasern der extrazellulären 
Matrix (ECM) auf, welche die Eikammer ringsum umlaufen. Zudem rotieren 
die Eikammern um ihre zukünftige Längsachse. Bisher nahm man an, die 
Rotation würde für die Ausrichtung der F-actin−Filamente, Microtubuli und 
ECM-Fasern gebraucht werden. Die Anordnung der F-actin−Filamente und 
ECM-Fasern bilden dann ein molekulares Korsett, das die Gewebestreckung 
fördert. Das atypische Cadherin Fat2 wird für die Rotation der Eikammern, die 
umlaufende Anordnung der F-actin–Filamente, Microtubuli und ECM-Fasern 
sowie für die Streckung der Eikammern benötigt. Die Mechanismen, mit 
denen Fat2 die Gewebestreckung beeinflusst, sind allerdings unbekannt. 
In meinem Projekt führte ich eine Struktur-Funktions-Analyse von Fat2 durch. 
Ich generierte eine Version von Fat2 mit einer Deletion der kompletten 
intrazellulären Region und eine zweite, die weder die intrazelluläre Region 
noch die Transmembran-Domäne besitzt und testete, ob diese Versionen die 
Funktionen von Fat2 in fat2-/- mutanten Eikammern kompensieren können. 
Meine Ergebnisse zeigen, dass die intrazelluläre Region für die Anordnung 
der Mikrotubuli und für die Rotation der Eikammern gebraucht wird. Die 
intrazelluläre Region wird jedoch weder für die Anordnung von F-actin– 
Filamenten und den ECM-Fasern noch für die Streckung der Eikammer 
benötigt. Meine Erkenntnisse zeigen erstmalig, dass die Streckung der 
Eikammern ohne Rotation stattfinden kann. Meine Arbeit entkoppelt damit 
mehrere parallel stattfindende Prozesse während der Entwicklung der 
Eikammer und eröffnet einen neuen Einblick in die Mechanismen der 
Gewebestreckung in diesem wichtigen Modellsystem. 
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5.1  Tissue morphogenesis during development 
Developmental biology studies the mechanisms by which a single, fertilized 
egg builds up a multicellular, highly organized and fully functional organism. 
The formation of complex three-dimensional tissues and organs requires 
different cell behaviors that need to be highly orchestrated and regulated 
throughout development. These cell behaviors mainly comprise cell 
proliferation, cell differentiation, pattern formation and morphogenesis.  
Embryo morphogenesis is mainly dependent on cell behaviors of epithelial 
cells. The most important characteristic of epithelial cells is their strong 
connection to neighboring cells that allows them to form flat sheets or chiral 
tubes to protect underlying tissues from their environment. Epithelial cells 
exhibit very dynamic cell behaviors, such as oriented cell division, cell shape 
changes and cell migration. Due to the morphological relevance of epithelial 
cells, fine-tuned coordination of their cell behaviors is fundamental for tissue 
morphogenesis.  
 
5.1.1  Tissue organization by differential cell affinity 
One important step towards understanding which properties are important for 
morphogenesis were the experiments of Townes and Holtfreter (1955). They 
isolated the three germ layers of amphibian embryos (ectoderm, mesoderm 
and endoderm) and prepared single-cell suspensions from them. These cell 
suspensions were differently combined and allowed to build aggregates on 
agar plates. Cells from different germ layers showed differential adhesion 
capabilities to each other. Townes and Holtfreter also used germ layers from 
species which exhibit cells with altered size and colors to get information 
about their behavior when recombined. The interesting finding was that when 
two of these cell types were mixed, single cells started to reorganize. Cells 
that have the same type rearranged themselves together to separate from 
cells of the other cell type. Most interestingly, epidermis cells mixed with 
mesodermal cells sort themselves out in order to reassemble at the periphery, 
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while mesodermal cells localized into the inside of the aggregate. Accordingly, 
when cell from the three germlayers of the embryo were mixed, they get a 
configuration where the mesoderm always lies within the ectoderm and the 
endoderm aggregate, similar to their arrangement in the embryo (Townes and 
Holtfreter, 1955). Townes and Holtfreter concluded that different cell types 
can arrange themselves to find their appropriate position within the embryo. 
Holtfreter postulated that this cell behavior is due to 'selective affinity' that 
expresses the capability of attraction or rejection between different cell types 
to ensure proper positioning within the embryo. As development requires 
dynamic interactions of different and newly differentiated cell populations, 
Holtfreter postulates that cell affinity changes over time during 
morphogenesis. The 'differential adhesion hypothesis' that Malcolm Steinberg 
established proposed cells sort and rearrange to minimize their interfacial 
energy (Steinberg, 1963). Later on he demonstrated that cells differ in their 
strength of adhesion (Foty et al., 1996), which in turn depends on the amount 
and composition of adhesion molecules exposed at the cell surfaces. The 
different expression of adhesion molecules was proposed to drive cell sorting 
in vivo (Davis et al., 1997). 
 
5.1.2  Cell adhesion is mediated by cadherins 
Cadherins (Calcium-dependent adhesive molecules) are the major mediators 
of cell-cell adhesion. Cadherins are transmembrane proteins and carry 
characteristical extracellular cadherin repeats that are involved in calcium 
binding (Takeichi, 1990). The binding of the calcium ion causes a 
conformational change of the extracellular domain and thereby regulates the 
adhesive function of the molecule (Pokutta et al., 1994). Cadherins have more 
than 100 family members in mammals (Nollet et al., 2000) and can be 
subdivided into the following three major classes: First, the classical 
cadherins, such as E-cadherin and N-cadherin, carry five cadherin repeats 
that mediate homophilic binding in the presence of calcium (Pokutta et al., 
1994). Additional motifs vary and alter adhesional strength that confers to 
either of the subfamilies (Nose et al., 1988). Second, the protocadherins have 
six or seven cadherin repeats and show weak homophilic adhesion (Chen and 
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Gumbiner, 2006). Protocadherins are present in vertebrates but absent in 
Drosophila (Nichols et al., 2006). The atypical cadherins, like Fat, Dachsous 
and Flamingo, build the third class of cadherins. They were identified as key 
players in establishing planar cell polarity (PCP) in Drosophila, which is 
evident by the alignment of wing hairs and leg bristles (Fanto and McNeill, 
2004). Dachsous and Fat carry 27 and 34 cadherin repeats, respectively, and 
have additional extracellular motifs including laminin and EGF domains (Clark 
et al., 1995; Mahoney et al., 1991; Nakayama et al., 1998). Flamingo carries 
only nine cadherin repeats but notably harbors a seven-pass transmembrane 
domain (Nakayama et al., 1998). 
Classical cadherins primarily form homophilic cell-cell interactions that are 
concentrated in so-called adherens junctions that thereby form large adhesive 
contacts at the apicolateral region of epithelial cells. Adherens junctions are 
formed in various cell types throughout many animals. The highly conserved 
cytoplasmic domain of classical cadherins interacts with a defined set of 
cytoplasmic proteins: p120-catenin, and α- and β-catenin, collectively called 
as the catenin-complex (Nishimura and Takeichi, 2009; Perez-Moreno and 
Fuchs, 2006; Pokutta and Weis, 2007). This complex directly binds to the 
actin cytoskeleton by interaction with the actin nucleator Arp2/3 (Drees et al., 
2005; Hirano et al., 1992). Thereby adherens junctions have a strong 
influence on the dynamics of the cell behavior within a tissue and play a 
fundamental role in the determination and maintenance of tissue organization. 
 
5.1.3 The cytoskeleton drives cell shape changes 
The cytoskeleton is composed of three different polymeric proteins: actin 
filaments, microtubules and intermediate filaments. Actin filaments (F-actin) 
are linear, double-helical structures and are polymers of globular subunits (G-
actin) (Moore et al., 1970). Actin filaments are polar. They polymerize at the 
(+)-end under hydrolysis of ATP while the (-)-end becomes degraded (Pollard, 
2007). 
As the actin cytoskeleton plays fundamental roles during cell migration, cell 
polarity, cell shape changes and cytokinesis, it needs to be highly regulated to 
ensure proper morphogenesis. F-actin assembly can be promoted by the (+)-
INTRODUCTION 
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end-binding protein Profilin, whereas capping proteins block F-actin 
polymerization. Cofilin and Gelsolin can break filaments into small parts. F-
actin filaments can be cross-linked by α-actinin to assemble whole networks 
and bundles. Further, F-actin filaments can form branches to establish 
networks. Branching of the filaments is mediated by the Arp2/3 complex that 
exhibits seven subunits (Pollard and Beltzner, 2002). Arp2/3 complexes 
anchor at a certain point on an existing mother F-actin filament. Subsequently 
the daughter F-actin filament grows apart from the complex. The tips of these 
branches can push the cell membrane apart to produce pseudopodia (Pollard 
and Borisy, 2003). To promote F-actin branching it requires other nucleation 
promoting factors interacting with the Arp2/3 complex, such as members of 
the Aldrich syndrome protein (WASP) family, the Scar/WAVE (suppressor of 
cyclic AMP repressor/WASp-family verprolin-homolous protein) proteins 
(Machesky et al., 1999; Millard et al., 2004). The WAVE protein plays a 
central role in various cellular behaviors, like cell adhesion, migration, as well 
as cell division and fusion (Pollitt and Insall, 2009; Takenawa and Suetsugu, 
2007). A highly conserved WAVE regulatory complex (WRC) incorporates this 
WAVE protein that recruits it to the membrane to achieve optimal activity 
(Lebensohn and Kirschner, 2009; Suetsugu et al., 2006). Ligands of the WRC 
are diverse and include small GTPases, Phospholipids and Kinases (Chen et 
al., 2010; Koronakis et al., 2011; Oikawa et al., 2004). Recently the WRC was 
found to bind the WRC interacting receptor sequence (WIRS) motif, which 
was identified in transmembrane or membrane-associated proteins (Chen et 
al., 2014).  
To generate cellular forces, myosin motor proteins associate with actin 
filaments to form contractile structures that mediate many types of cell 
movements and cell shape changes. Among several myosin classes, myosin 
I, myosin II and myosin V are the most abundant myosin proteins, present in 
all eukaryotic cells. Myosin I and V are involved in interactions between the 
cytoskeleton and cell membrane, whereas myosin II mediates muscle 
contraction. The non-muscle myosin II, however, plays a fundamental role in 
processes like cell adhesion, cell migration and cell division (Vicente-
Manzanares et al., 2009). Myosins are composed of one or two force-
generating, ATP-dependent heavy chains and several light chains that are 
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responsible for myosin activity. Non-muscle Myosin II activity is regulated by 
several kinases, including myosin light chain kinase (MLCK), Rho-associated, 
coiled coil-containing kinase (ROCK), leucine zipper interacting kinase (ZIPK) 
and myotonic dystrophy kinase-related CDC42-binding kinase (MRCK) 
(Matsumura, 2005). A regulation of myosin-driven F-actin contractility is for 
example evident during cleave furrow formation during mitosis. Here, myosin 
regulators drive binding of non-muscle myosin II to long, unbranched F-actin 
that arrange in the equatorial cortex to drive membrane ingression (Piekny et 
al., 2005; Wang, 2001). 
Polymerization and branching of F-actin filaments is also an important feature 
to ensure cell motility by generating forces at the leading edge of migrating 
cells (Pollard and Borisy, 2003). Myosin motors arranged in filaments mediate 
this force generation by binding their heavy chains to the F-actin filament and 
continuously repeating three steps of binding, pushing, and unbinding. That 
drives shifting of the actin filaments and thereby constricts them in order to 
establish pulling forces (actomyosin forces). 
When 10-30 actin filaments are cross-linked, they form closely packed and 
powerful bundles, so-called stress fibers (Cramer et al., 1997; Lazarides and 
Burridge, 1975). These stress fibers can grow towards a cell membrane to 
form protrusions. Stress fibers that attach to the cell membrane to build so-
called focal adhesions, connect themselves to the underlying extracellular 
matrix (ECM). (Cramer et al., 1997; Naumanen et al., 2008). Focal adhesions 
mediate and regulate their connection to the ECM by adhesion complexes 
composed of integrins, vinculin, paxillin and talin (Zamir and Geiger, 2001). 
The ECM serves as a substrate on which the cell front forms new attachment 
sites by protrusions and subsequently detaches the rear of the cell, which 
results in single cell migration (Chen, 1979). 
Actomyosin constriction is involved in cell shape changes, not only to promote 
single cell motility, but also to drive tissue morphogenesis (Pilot and Lecuit, 
2005). Connection of the actomyosin cytoskeleton to cadherin-based 
adherens junctions for example drives apical constriction of a cell. This will 
lead to a shrinking of the apical cell area and thereby local cell shape changes 
that can contribute to deformations of a whole tissue (Heisenberg and 
Bellaiche, 2013). This cortical tension by actomyosin recruitment to apical 
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junctions is often accompanied by pulsatile apical actomyosin network (Martin 
et al., 2009). As this network constricts in a ratchet-like fashion, where 
expansion is limited after each constriction, the resulting cell shape changes 
drive morphogenetic changes, like during gastrulation in C. elegans and 
Drosophila (Martin et al., 2009; Rohrschneider and Nance, 2009), in Xenopus 
(Kim and Davidson, 2011) and during vertebrate neural tube closure (Chung 
and Andrew, 2008). 
 
F-actin filaments are strongly interconnected with microtubules to drive cell 
shape changes, cell division and cell migration (Rodriguez et al., 2003). 
Microtubules are assembled by polymerization of dimers composed of α- and 
β-tubulin. Similar to actin polymerization microtubules harbor a polarity that 
confers to the polarity of the integrated tubulin dimers. Microtubules assemble 
towards the (+)-end, which is called the dynamic end, and is terminated by the 
GTP cap (Howard and Hyman, 2009). Microtubule stability is promoted by 
tubulin modifications as acetylation (Matov et al., 2010). Tubulin modifications 
recruit molecular motors, e.g. kinesin and dynein, and promote directional 
protein transport to the cell membrane or other intracellular structures 
(Hirokawa et al., 1998; Reed et al., 2006; Vale, 2003). Microtubules have 
dynamics that are comparable with F-actin filaments as they are functionally 
polar and can generate forces by polymerization (Dogterom et al., 2005). 
During mitosis, for example microtubules establish the formation of the 
division plane. Microtubule (+)-ends arrange towards the equatorial plane of 
the dividing cell and promote chromosomal segregation towards the cell poles 
by motor proteins that follow the polarity of microtubule (Glotzer, 2009). (+)-
end-directed motor proteins promote bundling of microtubules and directly 
activate the formation of the contractile ring (Fededa and Gerlich, 2012; 
Green et al., 2012). Microtubules (+)-end growth towards protrusions regulate 
F-actin dynamics by activating Rho GTPases and thereby controlling the 
leading edge formation in motile cells independently of organelle transport 
(Waterman-Storer et al., 1999). Microtubules can also influence the 
attachment of focal adhesions by regulating their assembly by endocytosis 
(Ezratty et al., 2005; Kaverina et al., 1999). 
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5.1.4 Planar polarity is required for tissue-level directionality  
Tissue-level morphogenesis requires a coordinated behavior of many cells 
within an epithelium, such as orchestrated cell shape changes, oriented cell 
division, directed cell migration. These cell behaviors are coordinated by the 
capability of cells to sense directionality within the tissue. Hence, epithelial 
tissues develop two types of polarity: first the apical-basal polarity that 
introduces an inside-outside orientation, and second, the planar cell polarity 
(PCP) that is the polarity within the plane of the tissue, perpendicular to the 
apical-basal axis. PCP allows the cells to distinguish between front and back 
as well as between left and right. Planar cell polarity was first genetically 
analyzed in Drosophila where due to the polarity of single cells, hairs and 
bristles of the fly cuticle point into a common direction (Adler, 2002; Mlodzik, 
2002). 
Two different PCP systems, which are proposed to act in parallel, have been 
identified: the “core” PCP pathway and the Fat-Dachsous pathway. “Core” 
PCP proteins involve Frizzled (Vinson et al., 1989), Flamingo (Chae et al., 
1999; Usui et al., 1999), Strabismus (Taylor et al., 1998; Wolff and Rubin, 
1998), Prickle (Gubb et al., 1999), Dishevelled (Klingensmith et al., 1989; 
Theisen et al., 1994) and Diego (Das et al., 2004). These proteins were found 
to adopt unipolar distributions on the plasma membrane of cells. Frizzled 
localizes distally together with Dishevelled and Diego (Axelrod, 2001; Das et 
al., 2004; Strutt, 2001), whereas Strabismus and Prickle localize to the 
proximal site of the cell (Bastock et al., 2003; Tree et al., 2002). Flamingo 
localizes to both the proximal and distal site of the cell and is required to 
establish the asymmetry of the Frizzled PCP pathway (Nakayama et al., 1998; 
Usui et al., 1999). To set up planar polarity all six core proteins are required, 
while their recruitment relies on intercellular feedback by protein-protein 
interactions (Amonlirdviman et al., 2005; Tree et al., 2002) but also requires 
planar polarized orientation of microtubules within the polarity axis that help 
maintaining protein asymmetry by active protein transport (Shimada et al., 
2006). The asymmetry of these proteins is required for the communication of 
polarity information between neighboring cells (Strutt and Strutt, 2005). 
The second PCP pathway requires other factors, including the large 
protocadherins Fat and Dachsous as well as the Golgi protein Four-jointed 
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(Wehrli and Tomlinson, 1998; Yang et al., 2002). Fat and Dachsous form 
asymmetric heterodimers and bias the directionality of the core PCP pathway 
(Matakatsu and Blair, 2004; Yang et al., 2002). Four-jointed promotes 
intercellular binding from Fat towards Dachsous at one site of the cell and in 
parallel inhibits an intercellular binding from Dachsous to Fat at the opposite 
site of the cell. As Four-jointed is expressed in gradients, the difference of 
Four-jointed activity results in different amounts of Fat-Dachsous and 
Dachsous-Fat heterodimers at the cell interfaces (Ma et al., 2003; Yang et al., 
2002). Moreover, Dachsous and Four-jointed provide reciprocal gradients to 
provide polarity information all over the tissue, whereas dachsous has its 
highest expression proximally and four-jointed expression has its maximum in 
the distal part (Casal et al., 2002; Ma et al., 2003; Simon, 2004; Yang et al., 
2002; Zeidler et al., 1999; Zeidler et al., 2000). 
Both the Frizzled “core” PCP and the Fat-Dachsous pathway can act 
independently of each other (Casal et al., 2006). Although the molecular 
connections between the core PCP pathway and the Fat-Dachsous signaling 
are not yet clarified, Fat-Dachsous-mediated PCP pathway has been shown 
to direct lamellopodial structures promoting cell migration in Drosophila 
(Bischoff, 2012), while in turn for the Frizzled-PCP pathway the same function 
has been shown in vertebrates (Heisenberg et al., 2000; Keller, 2002).  PCP 
is also known to regulate the vertebrate body hairs pointing towards a 
common direction (Guo et al., 2004) and other cellular structures like the 
sensory ciliae in the mammalian cochlea (Dabdoub et al., 2003) that need 
directional cues. Most relevant for early morphogenesis was the finding in 
Drosophila that PCP also regulates directed cell division (Adler and Taylor, 
2001; Bellaiche et al., 2001) and cell movements during gastrulation, 
neurulation and axis elongation in vertebrates (Kibar et al., 2001; Sausedo 
and Schoenwolf, 1994; Wallingford et al., 2000). Hence, planar cell polarity 
gives important sense of directionality in order to drive tissue deformation 




5.2 Models of tissue elongation 
How a tissue is shaped during early embryo development is intensively 
studied in various animals. All of them have in common that groups of cells 
within epithelial tissues orient along a certain axis of the developing body to 
globally reorganize themselves. By stretching, bending or folding of an 
epithelium whole organs gain a precise shape that allows the formation of 
functional structures such as the notum or wing in the fruit fly and the 
notochord or limbs in vertebrates. Epithelia are considered as independent 
and self-organizing organs, which show similarities in terms of signaling and 
mechanics during development that are conserved throughout animals. Here, 
I will introduce three well-studied examples for developmental 
morphogenesis, where fundamental processes, such as oriented cell division, 
cell shape changes, cell intercalation and cell migration, work together in 
order to drive tissue elongation. 
 
5.2.1  Germ-band extension in Drosophila melanogaster 
A very early event in embryogenesis is the formation of the body axis to get 
the correct shape and dimensions. In the Drosophila embryo the epithelium of 
the germband that will later form the thorax and abdomen of the embryo, 
undergoes a dramatic change of shape. The germband elongates twofold in 
length along the anteroposterior (AP) body axis, while simultaneously 
narrowing in width along the dorsoventral (DV) axis (Figure 1A). This 
elongation requires polarized cell behaviors, which involve directed cell 
intercalation and cell division as well as cell shape changes (Irvine and 
Wieschaus, 1994; Lecuit et al., 2011; Zallen and Blankenship, 2008). Cell 
intercalation is driven by cells exchanging their neighbors. Therefore, during 
germband extension, two originally separated cells get in contact along the 
DV axis by shrinkage of the connecting membrane. This shrinkage is 
mediated by actomyosin contractions based on the enrichment of myosin at 
that cell membrane (Zallen and Wieschaus, 2004). Thereby the joining cells 
push the neighboring cells in between towards the AP axis, while this cell 





Figure 1. Elongation of the Drosophila germband. 
(A) The germband extents along the AP axis about 2.5 fold in length while narrowing 
along the DV axis. (B) Cellular neighbor exchange is achieved by contracting 
myosin-rich cell bonds (red), forming a intermediate 4-cell package and formation of 
a new perpendicular cell bond (blue) causing tissue elongation. (C) When several 
subsequent myosin-rich membranes (red) contract, a rosette is formed; several new 
membranes (blue) expand in the perpendicular direction causing tissue elongation. 
Cells are marked by E-cadherin, anterior is left, ventral is down. Scale bar: 10µm 
(after Vichas and Zallen, 2011) 
 
 
accumulates myosin in a row, rosettes are formed that have even more 
potential to elongate a cell group, as more cells are involved in exchanging 
neighbors (Blankenship et al., 2006). Interestingly, tensile ectopic forces are 
enough to drive myosin recruitment to the cell membranes (Fernandez-
Gonzalez et al., 2009). Whether tension influences myosin localization directly 
or indirectly by force-dependent rearrangements of the cytoskeletal proteins is 
not understood. 
Besides polarized cell rearrangements within the plane of the epithelium, cells 
change their shape as they are elongating along the AP axis. This cell shape 
change additionally contributes to the germband extension and moreover is 
dependent on cell-cell intercalation (Butler et al., 2009). Live imaging revealed 
that the apical site of epithelial cells undergoes cyclic contraction and 
expansion of myosin aggregates and that myosin flows toward contracting cell 
membranes that contribute to junctional contractions (Rauzi et al., 2010). 
These highly dynamic fluctuations cause junctional remodeling in order to 
translate actomyosin contractions into reshaping of the epithelial tissue. In 
addition to the myosin-dependent forces, epithelial cells also apically polarize 
E-cadherin and the adherens junction localizing protein Par-3 at the cell 
membranes along the AP axis (Blankenship et al., 2006; Zallen and 
Wieschaus, 2004). Par-3 has been shown to antagonize localization of 
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myosin, while E-cadherin decrease at shrinking membranes is based on 
increased endocytosis of the cadherin complex that contributes to junctional 
remodeling (Levayer et al., 2011; Simoes Sde et al., 2010). 
 
5.2.2  Primitive streak formation in the chick embryo 
During chick gastrulation, a group of cells termed the primitive streak, forms at 
the posterior site of the embryo and extents anteriorly (Figure 2, left). The 
force that is provided to move the streak forward to the anterior pole has been 
discussed for a long time and several hypothesis were proposed, including 
increased oriented cell division at the midline, attractive and repulsive cues 
from the posterior edge of the streak and convergent extension along the 
streak axis (Chuai et al., 2006; Lawson and Schoenwolf, 2001; Wei and 
Mikawa, 2000). High-resolution time-lapse microscopy showed that 
mediolateral cell-cell intercalation within the ectoderm is responsible for the 
subsequent streak region (Figure 2, right). Interestingly, this intercalation is 
restricted to a thin columnar epidermal region and occurs already before 
gastrulation starts (Voiculescu et al., 2007). Consistent with convergent 
extension events during axis elongation in zebrafish and Xenopus, this axis 
elongation requires components of the Frizzled PCP pathway. Inhibition of 
this pathway disrupts streak formation (Voiculescu et al., 2007). 
 
 
Figure 2. Primitive streak formation in the chick embryo 
The primitive streak is elongated from the posterior edge towards the anterior edge 
of the epiblast (gray) on top of the massive yolk (yellow). Dorsal ectoderm cells (blue) 
migrate and intercalate towards the midline and ingress towards the inside of the 
epiblast generating mesenchyme cells and partially migrating back to the ectoderm in 




5.2.3  Neural tube formation in Xenopus 
Once gastrulation is finished, neurulation starts, which is the first stage of 
neural system formation. Defects in neurulation, which leads to an ineffective 
closure of the neural tube are one of the most frequent birth defects in 
humans – a reason why this process is extensively studied since decades. 
During neurulation the ectoderm overlying the just formed notochord rolls up 
(Figure 3A, B) by apical constriction and cell shape changes to form a neural 
groove (Davidson and Keller, 1999; Schroeder, 1970). The two adjacent 
neural folds fuse over the midline by convergent extension to end up in a 
tubular structure (Figure 3C). The radial structure of the neuroepithelial layers 
is completed by further radial convergent extension (radial intercalation) that 
causes the final neural tube tissue being a monolayer (Figure 3D). The 
surrounding tissue provides neural crest cells that built a layer between the 
neural tube and the dorsal epidermis by actively migrating towards the 
midline. These overlying cells actively migrate towards and along the midline 
of the notochord, which leads to elongation of the neural tube along the AP 




Figure 3. Model of neurulation in Xenopus. 
(A) Migration and convergent extension of neuroepithelium form the early neural 
plate (blue). (B) Apically contracting neuroepithelium, cell shape changes and 
convergent extension cause the formation of the neural groove. Medial migration of 
the epidermis (light blue) occurs. Surrounding tissues cause neural folds to rise. (C) 
Once the fold is closed radial intercalation drives formation of the lumen of the tube. 
(D) The dorsal neural tube is closed by medial migration of neural crest cells (yellow). 
(after Davidson and Keller, 1999) 
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that components of PCP signaling are required for convergent extension and 
directed lamellopodia that drive guided intercalation to round up and 
simultaneously elongate the neural tube posteriorly (Wallingford and Harland, 
2001; Wallingford et al., 2000). PCP signals are also required for neural tube 
closure, which has also been shown in mice, while the connection between 
directed convergent extension, tube closure and tube elongation via PCP 
signaling is not clarified yet (Kibar et al., 2001). 
 
These examples of tissue elongation provide insight in how different cellular 
behaviors can be interconnected in a complex fashion to drive tissue shape 
changes during development. The dominant processes include cell shape 
change by partial contraction, oriented cell division, cell migration and 
especially cell-cell intercalation. All of these cell movements require 
directional cues to orient within the embryo, which is provided by limited sets 
of polarity proteins, dependent on the axis that is established within the tissue. 
Although lots of mechanisms are known that contribute to morphogenesis, it is 
still challenging to understand how cellular processes are temporally and 
spatially regulated during tissue growth and remodeling, and which molecular 
processes are underlying these dynamics. Moreover, many open questions 
remain about how forces are generated and how they are transduced 
throughout a developing tissue. 
My examples highlighted shaping tissues that emerge from bounded and 
invaginating epithelia that set up the future body plan or tubular organs. 
Another capability of epithelial tissues, which is similar in complexity, is that 
they enclose single organs, as for instance the kidney, lungs or vasculature in 
higher animals, and thereby directly govern their shape. An experimental 
subject to study the role of unbounded epithelial tissues in morphogenesis is 
the Drosophila ovary that became popular within the last decades (Spradling, 
1993). These ovaries can be cultured ex vivo, which facilitates to observe 




5.3  Drosophila egg chamber as a model system to study tissue 
morphogenesis 
Drosophila is an excellent model organism in biology. The easy and cheap 
breeding as well as high reproduction rate are only some benefits. Most 
importantly, since Thomas Hunt Morgan started to do genetic experiments in 
the early 20th century, until today, numerous powerful genetic tools have been 
established that allow very precise genome manipulation. These tools built the 
foundations of developmental genetics. 
The Drosophila ovary emerged as an attractive model system to 
developmental scientists to address morphogenesis in epithelial tissues 
(Spradling, 1993). The Drosophila ovary in general is an excellent model 
organ to study with, as they are early accessible in adult flies and as these 
organs can be cultured ex vivo allowing to do live imaging experiments for 
several hours. Besides that, two further big advantages of this organ 
facilitates studying developmental issues: first, it is the architecture of the 
whole ovary, which allows to observe many developmental stages at the 
same time, beginning at a pool of stem cells and ending up in the mature egg. 
This fact makes it easy to follow developmental processes at one glance. 
Second, it is the simplicity of the ellipsoid shape of each follicle that operates 
as a single organ and independently of their neighboring follicles. 
The ovary of the fly has been studied from many different perspectives as it 
undergoes various interesting morphogenetic changes, such as appendage 
formation (Berg, 2008), border cell migration (Montell, 2003), nurse cell 
dumping (Mahajan-Miklos and Cooley, 1994) and egg chamber elongation 
(Spradling, 1993). All of them have been shown to strongly contribute to 
proper morphogenesis of the later matured egg. 
 
5.3.1  Oogenesis in Drosophila 
The Drosophila egg develops within an ovary (Figure 4A). The female fly 
carries two of them while each is composed of about 16 ovarioles (King, 1970; 
King et al., 1956). These ovarioles are assembled as an egg production chain 
carrying many egg developmental stages one after another (Figure 4B). Each 
egg arises from a unit which is called 'egg chamber' or follicle. Young egg 
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chambers emerge at the germarium, located at the anterior tip of the ovariole, 
which is the basis of each follicle. Here, stem cell populations generate 
germline cells and somatic follicle cells, the two cell types required to build up 
a single egg chamber (Spradling, 1993). Once these cells are differentiated 
an egg chamber of stage 1 is established. The core of such an egg chamber 
is composed of the germline cells consisting of 15 interconnected nurse cells 
and one oocyte. The oocyte is localized at the posterior edge of the 
 
 
Figure 4. Morphology of the Drosophila ovary 
(A) The Drosophila female fly carries two ovaries that are composed of numerous 
ovarioles. 
(B) Within an ovariole, successively maturing egg chambers string together. Each 
egg chamber undergoes 14 stages. It carries an oocyte and is enveloped by a follicle 
epithelium. At the basal site of the follicle epithelium egg chambers of stage 6 to 8 
indicate molecular structures that are planar polarized respectively to the direction of 




follicle throughout egg chamber development and will form the later egg. All 
16 germline cells are enveloped by a few follicle cells, which build a 
surrounding single-layered epithelial sheet (King, 1970). These follicle cells 
contact the germline at their apical surface, while the basal site of these cells 
faces the maternal tissues. Once a stage 1 egg chamber is released from the 
germarium it will undergo 14 developmental stages (King, 1970; Spradling, 
1993). As egg chambers mature they are transported to the posterior end of 
the ovariole keeping attached to each other by a small group of 'stalk cells'. 
Each egg chamber stage is mainly determined according to the relative 
volume of the oocyte compared to the whole egg chamber and some 
morphological changes (Spradling, 1993). The egg chamber grows 
continuously, mainly by the nurse cells undergoing endoreplication that allows 
immense mRNA and protein production, which serve as nutrients to supply 
the oocyte. Importantly egg chambers undergo a drastic shape change from 
originally round to later oval (King, 1970). This morphological change starts at 
stage 6. The long axis of oval egg chambers corresponds to the 
anteroposterior (AP) axis. This axis crosses the anterior and posterior tips of 
the egg chamber, which have characteristic specialized follicle cells at each 
pole (polar cells). At stage 7 also dorsoventral (DV) axis forms by symmetry 
breaking events (Roth and Lynch, 2009). While the egg chamber grows, the 
surrounding follicle cells proliferate only up to 1000 cells by the end of stage 
6. Hereafter, follicle cells stop cell divisions completely and undergo 
continuous cell growth. To allow the whole organ to change its shape from 
stage 6 onwards morphogenetic events are required to get the final 
dimensions of the egg chamber. Between stage 6 and stage 8 the whole 
follicle epithelium displays circumferentially aligned F-actin stress fibers at the 
basal site of the tissue (Gutzeit, 1990). At stage 10, when the oocyte occupies 
50% of the whole egg chamber, a group of anterior polar cells will round up 
and travel between nurse cells to arrive at the anterior site of the oocyte; a cell 
behavior that is termed border cell migration (Montell, 2003). From late stage 
10 onwards the follicle epithelium is also required to form the dorsal 
appendages that facilitate respiration of the later embryo (Berg, 2005). After 
border migration the nurse cells undergo ‘dumping’, where they pump all their 
material into the oocyte while they regress (Mahajan-Miklos and Cooley, 
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1994). Moreover, at stage 12 follicle cells secrete chorion proteins to build the 
eggshell that will protect the mature egg from environmental factors (Waring 
and Mahowald, 1979). After the eggshell is produced follicle cells will die off. 
At stage 13 the nurse cells are completely cleared from the egg chamber and 
the oocyte will emerge as the mature egg by stage 14. Eggs will be fertilized 
by the stored sperms, delivered through the oviduct and positioned to nutrient-
rich spots to ensure offspring. 
 
5.3.2  Egg chamber as a model for tissue elongation 
When egg chambers bud from the germarium they have a nearly perfect 
spherical morphology, seen in the cross section (Figure 4B). Later on, when 
the egg chambers begin to gain volume, it remains in a round shape until 
stage 5. From this stage onwards the egg chambers start to elongate along 
their AP axis. Comparing the dimensions of very early egg chambers with 
matured eggs they first exhibit an AP axis-to DV axis ratio (aspect ratio) of 1:1 
while later this ratio increases approximately up to 2.5 fold (King 1970, 
Spradling, 1993). During the whole egg chamber development the egg 
chambers’ volume increases about 5000 fold, which is a remarkable gain of 
size and mainly due to the extensive biosynthesis of proteins of the nurse 
cells. The elongation of the egg chamber that co-occurs to egg chamber 
growth is of high physiological relevance. The oval egg shape is required to 
allow maximization of the follicle volume while still be able to pass the oviduct 
within the female fly abdomen. It is also likely to give spatial cues to determine 
the future body plan of the embryo. This in turn requires a clear AP and DV 
axis established by a clear anisotropic growth to set up molecular gradients 
that pattern the embryo (Zallen, 2007). 
Although the morphogenetic change of egg chamber elongation is 
geometrically simple since it neither requires immense bending or folding of 
the tissue, the mechanisms of how the egg chamber elongates is barely 
understood. The most familiar behavior of cells driving tissue elongation in 
epithelial tissues is convergent extension and cell-cell intercalation, first 
extensively studied in Xenopus (Keller et al., 2000). Both processes require 
cells moving along a certain axis while lengthening the perpendicular axis by 
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intercalation. In the Drosophila follicle epithelium it is still unknown whether 
and to which extent convergent extension and intercalation are involved in 
elongation. Especially the circumferential shape of the epithelium lacks a clear 
boundary for convergence. Besides cell intercalation, oriented cell division 
has been shown to contribute to tissue elongation during development in 
Drosophila embryogenesis (da Silva and Vincent, 2007). However, as follicle 
cells stop to undergo mitosis at stage 6, which is the stage when the egg just 
starts to undergo morphogenetic changes, there is no evidence that cell 
division contributes to egg chamber elongation (Haigo and Bilder, 2011). Egg 
chamber elongation occurs also in absence of cell shape changes, oriented 
cell division and cell intercalation (Haigo and Bilder, 2011). These findings 
suggest that egg chamber elongation requires a novel, more complex 
mechanism. In contrast to tissues that have previously been analyzed, the 
follicle epithelium is an “edgeless” tissue. This difference from bounded, two-
dimensional tissues potentially holds novel mechanisms required for tissue 
elongation. 
A few mechanisms that may contribute to egg chamber elongation have been 
proposed. A tubular muscle sheath surrounds each ovariole throughout egg 
chamber development. These muscles are not attached to the egg chambers 
and thereby allow them to freely slide within these tubules. The continuous 
and synchronous contractions of the muscle sheath help the egg chambers to 
precede their flow towards the oviduct and were proposed to help the egg 
chambers to elongate (Delon and Brown, 2009). However, recently Andersen 
and Horne-Badovinac (2016) found that this muscle sheath does not influence 
egg chamber elongation to a large extent, but rather determines the later 
volume of the egg chamber by supporting protein flow from nurse cells into 
the growing oocyte (Andersen and Horne-Badovinac, 2016). The increase of 
egg chamber volume during 'dumping' of the nurse cells from stage 10 
onwards changes the dimension of the oocyte relative to the whole egg 
chamber. It raised the idea that dumping might contribute to egg chamber 
elongation as dumping mutants are shorter and rounder (Rittenhouse and 
Berg, 1995). However, dumping is not sufficient to drive egg chamber 
elongation to a full extent but could passively contribute by influencing the egg 
volume (Lee and Cooley, 2007). 
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Mutant analysis suggests an important role for the follicle cells in egg 
chamber elongation. For instance, female flies that carry a mutation within the 
follicle epithelium for the receptor tyrosine phosphatase Dlar, the β-integrin 
subunit mys, the p21-activated kinase pak or the atypical cadherin fat2 are 
sterile and fail to produce elongated eggs. Egg chambers of these mutant flies 
stay roundish throughout development. F-actin stress fibers, which usually 
circumferentially align around the egg chamber, completely lose their 
alignment in these mutants (Bateman et al., 2001; Conder et al., 2007; 
Frydman and Spradling, 2001; Gutzeit et al., 1991; Viktorinova et al., 2009). In 
contrast mutations within the germline cells do not alter the shape of the egg 
chamber (Conder et al., 2007; Frydman and Spradling, 2001; Viktorinova et 
al., 2009). 
 
5.3.3  Planar polarized organization of the F-actin cytoskeleton in the 
follicle epithelium 
Dating back to 1990 when Herwig Gutzeit studied follicle cells of the Dipteran 
gall midge Heteropeza pygmaea, for the first time bundles of actin filaments at 
the basal side of follicle cells were described, which hold features 
characteristic for planar cell polarity: Each individual cell exhibits an own 
population of actin filaments aligned within the very same orientation (Gutzeit, 
1990). The orientation of these cellular filaments is globally coordinated, 
which results in a circumferential alignment of actin filaments all over the egg 
chamber orthogonal to its AP axis. In 1991, Gutzeit further documented the 
presence of this basal actin alignment in the Drosophila egg chambers 
dependent on developmental stages. From stage 6 onwards, thin filaments 
stretch along the basal side of the follicle cells (Gutzeit et al., 1991). The 
robustness of the alignment of the filaments increases until stage 8, whereas 
from stage 9 on the F-actin alignment is lost partially. In stage 12 this 
alignment of the F-actin filaments perpendicular to the AP axis is set up again. 
He also showed that this alignment is abolished in kugelei mutant flies, which 
produce round eggs. Additionally, he highlighted the presence of planar 
polarized basal protrusions that exhibit a common orientation with the 
protrusions of neighboring cells and form along the same circumferential axis 
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as basal F-actin filaments. Hence, all follicle cells share a parallel orientation. 
As this continuous planar polarity all over a spherical organ is a particularity 
compared to the planar polarity of bounded tissues, Haigo and Bilder termed 
this feature as "chiral planar polarity" (Haigo and Bilder, 2011). The alignment 
of F-actin filaments with respect to the AP axis raised the idea to set up a 
functional machinery, often called 'molecular corset' (Cetera et al., 2014). This 
corset presumably restricts the egg chamber growth from radial sites and 
forces the egg chamber to expand along the AP axis (Haigo and Bilder, 
2011). Many experimental data from round-egg mutants, such as fat2 or Dlar, 
which all lack tissue-wide coordinated actin alignment, support this idea 
(Bateman et al., 2001; Frydman and Spradling, 2001; Gutzeit et al., 1991; 
Viktorinova et al., 2009). In those mutants, single follicle cells retain their own 
actin alignment, but do not align with respect to the AP axis of the egg 
chamber (Figure 5). The appearance of swirl-like patterns of F-actin reveals 
local communication of polarity information between neighboring cells in the 
mutants. This phenomenon reminds on planar cell polarity mutant phenotypes 
in other well-studied tissues like the fly wing or the inner ear in vertebrates 
(Axelrod, 2008; Goodrich and Strutt, 2011). Here, core-PCP pathway 
components like Frizzled, Dishevelled, Fat and Dachsous are responsible for 
planar cell polarity. However, these proteins have been shown to not influence 
egg chamber elongation (Viktorinova et al., 2009).  
 
Live imaging revealed another interesting process based on polarized F-actin 
cytoskeleton. At stage 9 and at the beginning of stage 10, a circumferential 
belt of follicle cells in the center of the egg chamber begins continuous but 
asymmetrical contractions at the basal surface. These follicle cells show 
planar polarized F-actin and myosin accumulations. Accumulation of these 
molecules temporarily correlates with a decreased basal cell area by 





Figure 5. Morphology of the ovariole of egg elongation mutants (e.g. fat2 
mutants) 
Egg chamber elongation mutants produce round eggs that are not viable. Egg 
chambers do not rotate and fail to establish planar polarization of F-actin filaments, 
microtubules and ECM fibrils at the basal site of the follicle epithelium. 
 
 
assembly or myosin activity by drug or RNAi treatment produced rounder 
eggs. Vice versa, overexpression of myosin activating protein Paxillin or 
treating egg chambers with contraction-promoting drugs lead to an enhanced 
egg chamber elongation (He et al., 2010). It has been proposed that 
contracting follicle cells encircling the egg chamber at stages 9 and 10 
contribute to egg chamber elongation.  
 
Additionally, and even earlier in history, basal alignment within the follicle 
epithelium of circumferentially oriented microtubules was shown in 
Periplantea americana and Heteropeza pygmaea (Meats and Tucker, 1976) 
and was also further analyzed by Gutzeit, 1990. He especially found that 
microtubules exhibit a similar alignment all over the circumferential epithelium 
comparable with basal actin filaments. Some years later, further investigations 
in Drosophila shed new light on these structures in the context of egg 
chamber elongation, when Viktorinova and Dahmann (2013) discovered a 
clear intracellular direction as the majority of microtubule plus-ends point 
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towards a certain cell edge that importantly gets transmitted to every single 
cell in the tissue. The round egg mutation fat2 showed a loss of microtubule 
alignment (Viktorinova and Dahmann, 2013) suggests that besides the actin 
filaments also microtubules could play central roles in setting up a 
morphogenetically active corset. Most recently it has been shown that this 
global direction is already set up in the germarium as microtubule alignment 
from stage 1 onwards determines egg chamber elongation in later stages 
(Chen et al., 2014). The initial cue, which triggers chiral symmetry breaking in 
the germarium, however, remains unknown. 
 
Which mechanisms are underlying the morphogenetic process of egg 
chamber elongation driven by the molecular corset is still a current enigma. 
Nevertheless, many mutations that cause altered egg shapes show varieties 
of aspect ratios, while all of them fail to establish proper F-actin alignment, 
indicating its central role during egg chamber morphogenesis (Bilder and 
Haigo, 2012; Lewellyn et al., 2013). The F-actin corset is therefore thought to 
be a requirement for other polarized processes occurring in the follicle 
epithelium. 
 
5.3.4  Egg chamber elongation requires a link between extracellular 
matrix and F-actin cytoskeleton 
During egg chamber development, follicle epithelial cells basally face their 
underlying basement membrane that is also termed as extracellular matrix 
(ECM). ECMs are protein-rich layers present in all metazoans that function as 
a linker between diverse tissues and thereby separating them from each 
other. Epithelial tissues are associated with a specialized ECM that is rather 
thin and is composed of a self-assembled network of Collagen IV and Laminin 
that are robustly connected by linker proteins such as Perlecan and Nidogen 
(Yurchenco, 2011). The functions of these epithelial ECMs are diverse 
dependent on their molecular architecture determined by minor components 
that vary in isoforms and post-translational modifications. However, all 
epithelial ECMs were shown to act as a physical scaffold and stabilizing the 
adjacent tissue by direct interactors, such as Integrins and Dystroglycan. This 
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interaction allows the ECM to direct tissue and organ morphogenesis from 
early embryogenesis throughout development until adult stages (Yurchenco, 
2011). By the establishment of an ECM underlying the follicle epithelium the 
egg chamber gets largely encapsulated and isolated from each other and 
from the mother’s tissues. The main components that were found in the follicle 
basement membrane reveal again networks of Collagen IV and Laminin 
fibrils. 
Interestingly, among all tested mutants that reveal production of round eggs, 
the function of the genes is known to act between the ECM and the 
intracellular F-actin cytoskeleton (Bateman et al., 2001; Frydman and 
Spradling, 2001; Lewellyn et al., 2013). ECM receptor proteins anchored at 
the basal surface of the follicle membrane like integrins and the receptor 
tyrosine phosphatase Dlar were discovered to be indispensable for proper 
egg chamber elongation (Bateman et al., 2001; Frydman and Spradling, 
2001). Likewise, knockdown of the Integrin-to-actin linker Talin during egg 
chamber elongation phases results in round egg shape (Becam et al., 2005; 
He et al., 2010). Another component of that interplay between the ECM and 
intracellular actin is the serine/threonine kinase Pak, which controls general 
actin organization in the follicle epithelium. Female flies carrying two mutant 
pak alleles produce round eggs that exhibit more severe defects and therefore 
mostly do not make it until mature egg chamber stages (Conder et al., 2007). 
However, Pak is thought to act downstream of Dlar and Integrins since its 
localization depends on the presence of these proteins. 
However, the most interesting finding was that the ECM forms fibrils that show 
an orientation parallel to the basal F-actin filaments within the follicle 
epithelium (Frydman and Spradling, 2001; Gutzeit et al., 1991; Haigo and 
Bilder, 2011). Thereby the ECM fibrils build a circumferential stabilizing 
scaffold that was proposed to contribute to the function of the molecular 




5.3.5  Egg chamber rotation is proposed to be a requisite for egg 
chamber elongation 
Live imaging of wild type ovarioles enables to observe another property of egg 
chambers. They undergo a collective cell migration perpendicular to the AP 
axis (Haigo and Bilder, 2011). This rotational movement has been described 
several decades ago, when first live imaging experiments on Heteropeza egg 
chambers was done (Fux et al., 1978). Further, Haigo and Bilder as well as 
Sally Horne-Badovinac intensively studied the mechanisms of egg chamber 
elongation in Drosophila. (Chen et al., 2016; Haigo and Bilder, 2011). They 
discovered that egg chambers rotate from stage 1 to stage 8 and that velocity 
increases over time reaching up to 0.5 µm/minute. This temporal window 
correlates with egg chamber elongation phases, when the molecular corset is 
arranged in a fashion that exhibits the same orientation as the rotational 
movement proceeds (Haigo and Bilder, 2011). The temporal correlation of 
these processes led to a model that attributes an important role to egg 
chamber rotation during egg chamber elongation:  
Shortly after the egg chamber exits the germarium basal microtubules 
establish a common directionality and align perpendicular to the AP axis, a 
process by which the egg chamber breaks its symmetry (Chen et al., 2016). 
The trigger that leads to symmetry breaking remains unknown. Once 
directionality is established, the follicle epithelium forms lamellopodial 
protrusions that point towards the leading edge and thereby turn on a 
collective cell migration along the circumferential axis (Cetera et al., 2014). 
Since follicle epithelial cells are attached to the germline, the collective motility 
of the epithelium is transmitted to the entire egg chamber, which causes the 
whole organ to rotate. Subsequently at stage 2 basal F-actin filaments align 
parallel to the rotation axis, which is perpendicular to the AP axis. This 
rotation stabilizes the F-actin alignment until stage 8 (Cetera et al., 2014; 
Haigo and Bilder, 2011). From early stages onwards, follicle cells secrete 
ECM material such as Collagen IV. Newly secreted packages of ECM 
components are successively released by the lateral membrane and 
transported towards the basal surface (Lerner et al., 2013). Newly deposited 
ECM material forms fibrils along the circumferential axis as the follicle cells 
passe the underlying static ECM (Isabella and Horne-Badovinac, 2016). 
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Thereby the ECM gains a polarity that correlates and probably supports the 
basal F-actin filament alignment within the follicle epithelium (Haigo and 
Bilder, 2011). 
F-actin alignment requires especially early egg chamber rotation, while ECM 
fibril alignment requires rotation in later stages (Cetera et al., 2014; Isabella 
and Horne-Badovinac, 2016). Mutants that alter egg chamber rotation fail to 
produce elongated eggs and simultaneously fail to align F-actin filaments and 
ECM fibrils in respect to the AP axis (Lerner et al., 2013; Figure 5). Vice 
versa, disrupting the production of the ECM leads to an altered ECM 
alignment and disrupts rotation and results in round egg chambers (Haigo and 
Bilder, 2011; Lerner et al., 2013). The prevailing model connects F-actin and 
ECM alignment, as well as egg chamber rotation and elongation in a 
perspicuous and demonstrative fashion. However, it has been hard to 
challenge this model, since no mutants are available that can uncouple some 
of these processes. 
 
 
5.3.6  The atypical cadherin Fat2 provides a key role during egg 
chamber elongation 
Mutations in the gene kugelei led to the loss of F-actin and ECM alignment, 
egg chamber rotation and elongation, demonstrating a key role for this gene 
during egg chamber elongation (Gutzeit, 1991). Recently, mutations in kugelei 
were found to be allelic with mutations in fat2 (Viktorinova et al., 2009). Fat2 is 
a homolog of Fat that is a key regulator of the planar cell polarity pathway in 
the Drosophila wing disc, notum and eye. 
Fat cadherins are the largest adhesion molecules with molecular masses 
ranging between 500 and 600 kDA (Tanoue and Takeichi, 2005). Vertebrates 
encode four different Fat cadherins (Fat1, Fat2, Fat3 and Fat4). In Drosophila 
only two, Fat and Fat2, have been identified. Fat cadherins mainly differ in the 
number of Laminin-G and EGF repeats. Compared to the Drosophila cadherin 
Fat, Fat2 shows more similarities to the Fat1, Fat2 and Fat3 in vertebrates, 
which causes them to be members of the same Fat cadherin group.  
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The Drosophila Fat2 is about 560 kDa large. It contains a single 
transmembrane region and a large extracellular region composed of 34 
cadherin repeats, six EGF repeats and one Laminin-G domain (Castillejo-
Lopez et al., 2004; Figure 6). The rather small intracellular region so far has 
only been shown to exhibit three WIRS domains (Squarr et al., 2016). In vitro, 
these domains directly interact with the actin cytoskeleton via the WIRS-
regulatory-complex (WRC) (Squarr et al., 2016). A Fat2-GFP fusion protein 
revealed that Fat2 protein localize to the apical, lateral and basal site of follicle 
cells. Fat2 localization is planar polarized at the basal site of follicle cells 
between stages 6 and 8 (Viktorinova et al., 2009). Fat2 is enriched at the cell 
edges parallel to the AP axis that always corresponds to the trailing edge 
relative to the rotational movement. This monopolar localization is 
circumferentially transmitted all over the epithelium and hence follows a 
directional cue, similar as to actin filaments, microtubules, ECM fibrils and 
rotation. Fat2 turned out to be a key regulator of the polarity of all these 
processes and consequence, also of egg chamber elongation. Female flies 
mutant for fat2 are viable, but sterile as they produce 100% round eggs, 
congruent with the phenotype published for kugelei mutants (Gutzeit et al., 
1991). fat2 mutant follicle cells still align actin filaments within a given cell, 
however a global orientation of actin filaments of the tissue is lost. Moreover, 
when Fat2 is missing, neither a global alignment of ECM fibrils (Haigo and 
Bilder, 2011) nor of microtubules is established (Viktorinova and Dahmann, 
2013). Importantly, there is a strong correlation between microtubule 
 
 
Figure 6. The molecular structure of the Fat2 protein. 
The Drosophila Fat2 protein is composed of a huge extracellular region, one 
transmembrane domain and a small intracellular region carrying the indicated protein 




alignment and Fat2 planar localization (Viktorinova and Dahmann, 2013). 
Fat2 always localizes at the site of the follicle cell where the majority of 
microtubule plus-ends is positioned. This planar localization of Fat2 depends 
on intact microtubules, and vice versa, microtubule alignment requires proper 
Fat2 localization indicating that planar polarity of these molecules is stabilized 
by a feed-back loop (Viktorinova and Dahmann, 2013). Most interestingly, 
Fat2 localizes always at the lagging edge of follicle cells. It has been shown 
that Fat2 is required for the collective cell migration of egg chambers, as fat2 
mutants completely fail to rotate (Viktorinova and Dahmann, 2013). Taken 
together, these numerous planar polarity defects of molecular structures at 
the basal site of the follicle epithelium caused by the fat2 mutation show that 
Fat2 has a special role in coordinating all these features to ensure egg 
chamber elongation. Thereby again the model of Haigo and Bilder is 
supported, which emphasizes the mutual importance of every single 
molecular conditions in this system. 
Core planar cell polarity proteins of the other tissues have been shown to be 
involved in directing microtubule and actin polarity as well (Axelrod, 2008; 
Goodrich and Strutt, 2011). However, they are not involved in shaping the egg 
chamber (Viktorinova et al., 2009). Therefore, it is of high interest to find out 
whether there is an alternative planar cell polarity pathway ruled by the newly 
identified atypical cadherin Fat2. Planar polarized localization of Fat2 at the 
basal site makes this atypical cadherin special compared to the planar cell 
polarity proteins of the other tissues that localize to the apical site of the cells. 
Additionally, to date no interaction partner has been identified for Fat2, as no 
Dachsous-like proteins are known to be expressed in the egg chamber. This 
again indicates that although Fat2 shows numerous structural similarities with 




6 AIMS OF THE THESIS 
 
• The first aim was to identify the molecular functions of Fat2. Accordingly, I 
wanted to assign the different processes that Fat2 is required for, such as 
egg chamber elongation, egg chamber rotation, F-actin, microtubule and 
ECM fibril alignment, to certain regions of the protein. 
 
• The second aim was to untangle the requirements of F-actin, microtubule 
and ECM alignment, and of egg chamber rotation for egg chamber 
elongation. 
 
To address these questions I performed a structure-function analysis of Fat2. 
I generated two fat2 mutant versions by homologous recombineering in E.coli: 
one that lacks the intracellular region and another one that lacks both the 
intracellular region and the transmembrane domain. 
By generating flies expressing these new versions of the Fat2 protein in the 
fat258D mutant background I wanted to test whether the two Fat2 versions can 
rescue the mutant phenotype in the following aspects: 
• egg chamber morphology, 
• basal localization of the transgenic protein in the follicle epithelium, 
• alignment of basal microtubules in the follicle epithelium, 
• alignment of the basal F-actin corset, 
• alignment of ECM fibrils, 
• egg chamber rotation. 
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7 MATERIALS AND METHODS 
7.1  Fly husbandry 
Flies were fed by standard fly food and the stocks were maintained at 18 ˚C. 
Those flies, which were used for experiments, were cultured at 25 ˚C and 
were collected as they have an age of two to four days. A fresh yeast 
suspension was added to the food one day before dissection to ensure a 
yielding development of the ovaries. 
7.2  Used fly stocks 
Fly stocks for all experiments were taken from the stock collection of Prof. Dr. 
Christian Dahmann or were requested from the denoted autors. 
 
Table 1. List of the used fly stocks for experiments 
Fly Stock Reference 
1) yw Laboratory stock collection 
2) yw, hs-flp; Sp/CyO; MKRS/TM6B Laboratory stock collection 
3) ;; fat258D  Viktorinova et al., 2009 
4) ; Fat2-GFP; fat258D  Viktorinova and Dahmann, 
2013 
5) ; Fat2∆ICR-GFP; fat258D  this work, derived from 3) 
6) ; Fat2∆TMICR; fat258D  this work, derived from 3) 
7) sqh-utABD::GFP;;  Rauzi et al., 2010 
8) sqh-utABD::GFP;; fat258D derived from 7), 3) 
9) sqh-utABD::GFP; Fat2-GFP; fat258D derived from 7), 4) 
10) sqh-utABD::GFP; Fat2∆ICR-GFP; fat258D derived from 7), 5) 
11) sqh-utABD::GFP; Fat2∆TMICR-GFP; fat258D  derived from 7), 6) 
12) ; Vkg-GFP/CyO;  (Buszczak et al., 2007) 
13) ; Vkg-GFP/CyO; fat258D  derived from 12), 3) 
14) ; Fat2-GFP/Vkg-GFP; fat258D  derived from 12), 4) 
15) ; Fat2∆ICR-GFP/Vkg-GFP; fat258D  derived from 12), 5) 
16) ; Fat2∆TMICR-GFP/Vkg-GFP; fat258D derived from 12), 6) 
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7.3  Phenotypic markers 
Table 2. Phenotypic markers, which were used for labeling the flies genotype 
Gene Explanation 
y yellow mutation, yellow body color 
w white mutation, white eyes 
3xP3-dsRed eye-specific driven gene encoding for red fluorescing 
protein to label fosmid-transgenic flies 
Sp numerous stenopleural bristles, balancer for 2nd 
chromosome 
CyO curled wings, balancer for 2nd chromosome 
MKRS shortened body-covering bristles, balancer for 3rd 
chromosome 
TM6B numerous humeral bristles and short and thick larvae, 
balancer for 3rd chromosome 
 
7.4 Ovary dissection for fixation 
Female flies of an age between two to four days cultivated at 25 ˚C on yeast, 
were anesthetized with CO2 and were transfered into 2 ml of 1xPBS provided 
in a glass dish. Using a stereo microscope (Leica, KL 1500 compact) ovaries 
were dissected into single ovarioles as depicted in Figure 7. During dissection 
it was important to remove the muscle sheath that tightly surrounds every 
single ovarioles as these muscles disturb the imaging of the basal side of the 
follicle epithelium. All ‘naked’ ovarioles were now used for further antibody 
staining. 
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Figure 7. Scheme of the procedure of dissecting Drosophila ovarioles. 
a) The fly was treated by grabbing it at the front part of the body, wings down, with 
one pair of forceps. A second pair of forceps was used to pinch the posterior part of 
the abdomen. b) By pulling posteriorly the abdomen was torn and ovarioles were 
released from the abdomen. c) While the posterior part was adhered, the anterior tip 
of the ovary was pinched. d) By pulling the anterior tip single ovarioles were 
obtained, while their muscle sheaths remain stuck to the ovary. (modified after 
Prasad et al., 2007) 
 
7.5 Antibody stainings 
Single ovarioles that were dissected and collected in 1xPBS (phosphate 
buffered saline) were transferred to 4% p-formaldehyde in 1xPBS for 20 min. 
After fixation the ovarioles were washed three times for 20 min in 1xPBT 
(1xPBS containing 0.1% Triton-X-100, 0.1% Bovine serum albumin and 
0.02% sodium azide). Primary antibodies were diluted in 1xPBT to a total 
volume of 200 µl, the amount were the ovarioles were transferred to. Antibody 
incubation was performed over night. After ovarioles were washed three times 
for 20 min in 1xPBT, the secondary antibody was diluted in 1xPBT and was 
added to the ovarioles, followed by incubation for 1 h at room temperature. 
Afterwards the ovarioles were washed three times for 10 min with 1xPBT. If 
required, Rhodamine-phalloidin was now added for additional 15 min and was 
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washed afterwards for 15 min in 1xPBT. Ovarioles were now transferred to an 
objective slide. PBT residues were removed by a piece of tissue and ovarioles 
were bed in a drop of PPDA (p-Phenylenediamine) and covered by a cover 
slip with a thickness of 170 µm ± 5 µm, appropriate for confocal imaging.  
 
7.6  Used antibodies  
Antibody staining was done with fixed ovarioles by using the following 
antibodies: 
Tab 3. Used antibodies for staining of fixed ovarioles. 
Primary antibodies Dilution Reference 
Mouse anti-α-tubulin 1:400 Sigma, T7451 
Rabbit anti-GFP 1:2000 Clontech, Cat-632592 
Primary antibodies Dilution Reference 
Goat anti-mouse IgG Alexa 
Fluor 633 
1:200 Molecular Probes, Life 
Technologies (A-21126) 
Goat anti-rabbit IgG Alexa 
Fluor 488 
1:200 Molecular Probes, Life 
Technologies (A-11008) 
   
Fluorophore coupled dye Dilution Reference 
Rhodamine phalloidin 1:200 Molecular Probes, Life 
Technologies (R-415) 
 
7.7 Drug treatment 
Prior to any drug treatment, ovarioles were dissected in Schneider’s culture 
medium. These ovarioles were either treated with 1U Collagenase (Sigma, C-
7926, dissolved in 1xPBS) in 500 µl Schneider’s medium for 10 min or they 
were treated with 1 µM Latrunculin A (Enzo, BML-T119-0100, dissolved in 1% 
DMSO) in Schneider’s medium. After drug treatment the ovarioles were rinsed 
ones with pure Schneider’s medium and then directly fixed in 4% p-
formaledehyde in 1xPBS for 20 min. Further antibody stainings and washings 
were done as described in chapters 7.5 and 7.6. 
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7.8 Microscopy of fixed samples 
Zeiss AxioObserver Z1 was used to acquire images for egg chamber 
morphology analysis. A 10x/0.3 objective and ZEN 2012 (blue edition) was 
used for taking the images. Laser scanning confocal microscopy was done by 
using the inverse Leica SP5 MP, a multiphoton laser scanning microscope 
provided by the Light Microscope Facility at the CRTD Dresden. Objectives 
that were used are the following: Leica HC PL APO 40x 1.25-0.75 Oil and 
Leica HC PL APO 63x 1.4-0.6 Oil. The following laser lines were used for the 
respective dyes: Argon Laser 488 nm for Alexa Fluor 488 (Ex: 496 nm, Em: 
519 nm), Laser DPSS 561 nm for Rhodamine-Phalloidin (Ex: 540 nm, Em: 
565 nm), HeNe Laser 633 nm for Alexa Fluor 633 (Ex: 632, Em: 647). Image 
acquisition has been done by using the software LAS AF v2.7.3.9723. Images 
had always a resolution of 1024x1024 pixels, while 1 µm corresponded to 7 
pixels (see also https://www.biodip.de/wiki/SP5_MP,_inverse,_CRTD) Z-
Stacks were taken by a step-size of 0.5 µm. Further image analysis was done 
with ImageJ 1.47v (Fiji; Schindelin et al., 2012). Two to three stacks were 
merged to one image with a maximal pixel intensity. Brightness and contrast 
were adjusted for qualitative presentation of the data, but not when pixel 
intensities were measured. Scale bars were added with Fiji. 
 
7.9 Live imaging 
7.9.1 Imaging of the basal F-actin oscillations 
For live imaging ovaries of flies carrying the gene sqh-utABD::GFP were 
dissected in 200 µl Schneider medium. One ovary was immediately 
transferred into 100 µl of Schneider medium cocktail containing 15% Fetal 
Bovine Serum (Sigma-Aldrich), 0.2 mg/ml Insulin (diluted in acidified water 
(1% HCl)) and 0.6x Streptomycin/Penicillin (Invitrogen, cat. no.: 15140122). 
Ovarioles were dissected as described in chapter 7.4 and were transferred to 
a fresh Glass Bottom Microwell Dish (MatTek, P35G-1.5-20-C) that provided 
approximately 50 µl Schneider’s cocktail additionally containing 1.6 µM of 
FM4-64 (Molecular Probes, T13320), a red fluorescent dye that intercalates 
with cell membranes. Life imaging was done with the inverse confocal Leica 
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SP5 MP and using the Leica HC PL APO 40x 1.25-0.75 Oil objective. Egg 
chambers of stage 9 and beginning of stage 10 were visually selected for 
imaging (oocyte occupies 35 to 50% of the whole egg chamber; He et al., 
2010). Images were recorded in a 1 min interval for 20 min. Further image 
analysis was done with Fiji. 
 
7.9.2 Imaging of egg chamber rotation 
To observe egg chamber rotation ovarioles were dissected in the same way 
as describes in chapter 7.9.1. Here I used the inverse confocal Leica SP5 MP 
with the Leica HC PL APO 63x 1.4-0.6 Oil objective. For live imaging of early 
egg chamber rotation stage 3 and 4 egg chambers were selected. Images 
were acquired every 30 sec for 40 min. For late egg chamber rotation stages 
6 to 8 were chosen. Here images were acquired every 30 sec for 20 min. 
 
7.10 Generation of the transgenic fosmid constructs 
The protocol for generating a transgenic gene based on a fosmid was 
published in (Ejsmont et al., 2009). Based on this protocol a fosmid containing 
the genomic sequence of the fat2 gene spanning the 3rd-chromosomal 
nucleotides 19998559-20035492, which includes enhancers and the promoter 
region, was modified in order to generate two different fat2 transgenes. In one 
transgene the genomic sequence of the fat2 transmembrane domain as well 
as the intracellular region was deleted (fat2∆TMICR). For the other transgene 
only the genomic sequence of the fat2 intracellular region was deleted 
(fat2∆ICR). The deletion of the respective part of the gene was established by 
its replacement with a genetic cassette (tagging cassette). Therefore, the 
cassette was flanked by 50bp of fat2 homology arms, which recognize the 
exact target in the fat2 gene on the fosmid in order to create the exact and in-
frame deletion by homologous recombineering. The cassette was amplified by 
using the S0062-R6K-2xTY1-EGFP-FNF-3xFLAG vector (Sarov et al., 2006). 
It provides a KanR gene that will be removed after recombinants are achieved, 
and multiple tags that remain at the 3’-end of the fat2 gene and that can be 
used for protein detections and purifications. The fosmid was injected into flies 
to achieve expression of the transgene based on the fly genome. 
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The whole procedure of how the fat2 gene was mutated is depicted in 
Figure 8, while the following chapters correspond to each step of the protocol. 
 
 
Figure 8. Generation of a transgenic fat2 gene based on a fosmid by 
homologous recombineering in E.coli. 
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(A) Starting with an E.coli culture containing the fat2 gene (blue) on a fosmid, the 
helper plasmid pRedFlp4 was electroporated. (B) Electroporation of the amplified 
tagging cassette (left) and induction of recombination events by the activated Red 
operon (red). The flanking sequences homolog to fat2 of the tagging cassette 
(orange) genetically create the specific deletion. (C) The recombinase Flipase, 
activated by addition of AHT drives the deletion of the KanR (purple) gene at FRT 
sites (black triangles). (D) Cultivating the cells at 37˚C removes the helper plasmid 
and addition of FAIS produces multicopies of the fosmid. (E) Isolated fosmids are 
injected into fly embryos that carry a mutation in the white gene and the receiving 
attP site for the fosmid. (F) phiC31-mediated integrase promotes attB and attP 
recombination, resulting in attL and attR sites in the fly and thereby integrating the 
tagged transgenic fat2 into the fly genome. The marker gene dsRed (dark red) leads 
to red fluorescent eyes in the fly. 
 
7.10.1 General materials required for molecular genetics in E.coli 
Media used for E.coli cultivation besides the standard LB medium are listed in 
Table 4. 
 
Table 4. Used media for homologous recombineering in E.coli. 
SOC medium Amount for 1 liter 
Tryptone (Amresco) 20 g 
Yeast extract (Merck) 5 g 
5M NaCl (Merck) 2 ml 
1M KCl (Merck) 2.5 ml 
Add to 1 liter ddH2O, adjust mixture to pH 7.0 with NaOH and autoclave 
1M MgCl2 (Fluka) 10 ml 
1M MgSO4 (Fluka) 10 ml 
1M Glucose (VWR) 20 ml 
Sterilize through 0.22 µm filter and add to 1 liter SOC medium 
YENB Amount for 1 liter 
Yeast Extract (Merck) 7.5 g 
Nutrient broth  (Fluka) 8 g 
Adjust to pH 7.0  
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Table 5. Used buffers for homologous recombineering in E.coli. 
1x Transformation buffer + 10mM 
Hepes 
Amount for 500 ml 
Hepes pH 6.7 (AppliChem) 1.2 g 
CaCl2 x 2H2O (Merck) 1.1 g 
KCl pH 6.7 (Merck) 9.3 g 
MnCl2 x4H20 5.4 
1x TBE buffer Amount for 1 liter 
Tris Base (Fluka) 10.8 g 
Boric acid (Merck) 5.5 g 
0.5M EDTA pH 8.0 (Fluka) 20 ml 
Add to 1liter ddH2O  
 
7.10.2 Step 1: Amplification of the tagging cassette 
Based on the S0062-R6K-2xTY1-EGFP-FNF-3xFLAG vector, which was 
provided by Michail Sarov (MPI-CBG Dresden), two different tagging 
cassettes were amplified by PCR, one for the fat2∆ICR construct and the other 
for the fat2∆TMICR construct. Notably, primers differ in the 50 bp flanking 
regions, while they either include the transmembrane region or not. The 
designed primers were the following:  
 
Forward primer for the fat2∆ICR tagging cassette: 
5’-GTGGCCGTGGTACTGGTCATCATCAGTTGTGTCCTGTGTTGCGTGGTGTTG 
GAAGTGCATACCAATCAGGACC-3’ 
Reverse primer for the fat2∆ICR tagging cassette: 
5’-GAAATGAAATAATTTGTGTAAAATGTAGTTCTTATATATTAAGCATGTCAT 
TTACTTGTCGTCGTCATCCTTGTAG-3’ 
Forward primer for the fat2∆TMICR tagging cassette: 
5’-AACTCTATTTCTACAAAGCTGAAGAACTTTTCTATAGAGCACATTAGCGGG 
GAAGTGCATACCAATCAGGACC-3’ 
Reverse primer for the fat2∆TMICR tagging cassette: 
5’-GAAATGAAATAATTTGTGTAAAATGTAGTTCTTATATATTAAGCATGTCAT 
TTACTTGTCGTCGTCATCCTTGTAG-3’ 
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By using the designed primers and the proved vector, the PCR was run by the 
following protocols listed in Table 6 and Table 7. 
 
Table 6. Reagents for the PCR to amplify the tagging cassettes for homologous 
recombineering. 
Reagent Amount in µl Reference 
5x Phusion High-Fidelity Buffer 10 Thermo Scientific 
DMSO 2.5 Thermo Scientific 
dNTPs 1 BioLabs 
Primer for (100pmol/µl) 0.5 biomers.net GmbH 
Primer rev (100pmol/µl) 0.5 biomers.net GmbH 
Phusion DNA Polymerase (2U/µl) 0.5 Thermo Scientific 
Template, S0062-R6K vector (276ng/µl) 0.5 Sarov et al., 2006 
ddH2O 34.5  
Total volume 50  
 
Table 7. PCR settings for amplification of the tagging cassettes. 
Initial denaturation 95˚C 5 min 
Denaturation 95˚C 30 sec 
Annealing 55˚C 1 min 
Extension 72˚C 2 min 
Number of cycles 25 
Final extension 72˚C  
Hold 4˚C ∞ 
 
To purify the PCR product for further transformation the QIAquick PCR 
Purification Kit 250 (Qiagen) was used. The correct length of the PCR product 
was verified by a gel electrophoresis using 1.5% agarose in 1xTBE-buffer. 
The resulting cassette has a length of 2.320 bp (Figure 9). 
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Figure 9. Validation of the PCR product after amplification of the tagging 
cassette. 
Both amplified cassettes for fat2∆TMICR and fat2∆ICR were blotted on a 1.5% agarose 
gel. The Hyperladder I was used as a weight-marker ladder. The asterisk indicates 
the cassettes of a molecular weight of 2.320 bp. 
 
7.10.3 Step 2: Transformation of the helper plasmid pRedFlp4  
For the transformation of the helper plasmid pRedFlp4 to the FlyFos strain 
021145, which was kindly provided by Michail Sarov, 40 µl of the over night 
culture in LB+Cm (15 µg/ml) was used to inoculate 1 ml YENB+Cm (15 µg/ml) 
and was cultured for 2 h at 37˚C while shaking. Note that whenever cells were 
cultured within Eppendorf reaction tubes, the lid was punctated prior to 
incubation! The Cm resistance gene on the fosmid, will allow the growth of 
fosmid carrying cells. Cells were centrifuged at 5.000 g for 5 min at RT. After 
discarding the supernatant 1 ml of ice-cold water was added and the cells 
were vortexed. Cells were centrifuged at 5.000 g for 5 min at RT and the 
supernatant was discarded. Now 100 µl of pRedFlp4 helper plasmid (0.1 ng/µl 
in ice-cold water) were added to the cells and resuspended by pipetting. As a 
negative control 100 µl ice-cold water was added instead of the plasmid. 
Electroporation was done in appropriate cuvettes, which were put on ice 
before, and at 2.500 V. The cells were immediately transferred into a new 
tube with 1 ml SOC and were recultured for 1 h at 37˚C. Now 100 µl of the 
SOC cultures were transferred into 1 ml LB+Cm(15 µg/ml)+Hygromycin(100 
µg/ml), while the latter antibiotic selects the plasmid containing cells, and 
were cultured over night at 32˚C. (Compare with Figure 8A) 
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7.10.4 Step 3: Red-operon driven insertion of the tagging cassette 
Inoculation of 1 ml YENB+Cm(15 µg/ml)+Hygromycin(100 µg/ml) was done 
by adding 40 µl of the over night culture. Cells were cultured for 2h at 32˚C. 
By addition of 20µl of 25% L-rhamnose to the cell suspension the Red-operon 
was activated to induce recombination events. Cells were cultured with L-
rhamnose for 1h at 37˚C and were spun down at 5.000g for 5min at RT. After 
the supernatant was discarded cells were again washed with ice-cold ddH2O. 
The before amplified tagging cassette (100µl of 5ng/µl) was now transferred 
by electroporation at 2.500V. Water was transferred as a negative control. 
After electroporation the cells were cultured in SOC for 1h at 37˚C while 
shaking. By transferring 100µl of the SOC culture into 1ml of LB+Cm(15 
µg/ml)+Hygromycin(100 µg/ml)+Kan(15 µg/ml) an over night culture was 
incubated at 32˚C. By addition of Kanamycin recombineering-positive cells 
were selected as they now carry the tagging cassette within the fosmid. 
(Compare with Figure 8B) 
 
7.10.5 Step 4: Removal of the KanR gene 
The next step was to remove the KanR gene from the tagging cassette by 
recombination of its flanking FRT sites. To do so 1ml of LB+Cm(15 
µg/ml)+Hygromycin(100 µg/ml)+AHT(200nM; anhydrotetracyclin) was 
inoculated by addition of 10µl of the over night culture and was cultured for 2h 
at 32˚C while shaking. Now 100µl of this culture were added to 1ml of 
LB+Cm(15 µg/ml)+Strep(50 µg/ml). By addition of Strep those cells were 
selected that succeeded to remove the KanR gene. This suspension was now 
cultured over night at 37˚C. As the temperature was now shifted for more than 
1h to 37˚C the pRedFlp4 plasmid is now removed from the cells. (Compare 
with Figure 8C and D) 
 
7.10.6 Step 5: DNA isolation and verification of the correct transgenic 
construct 
1µl of the over night culture was suspended in 400µl LB medium. Some cells 
were transferred to an LB agar plate (1.5% bacteriological agar, 15 µg/ml Cm, 
50 µg/ml Strep) by streaking them with an inoculation loop. After incubation 
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over night at 37˚C single colonies were picked and transferred into 400µl of 
LB+Cm(15 µg/ml)+Strep(50 µg/ml). Cells were carefully resuspended. 200µl 
of this suspension was transferred to 800µl Transformation buffer+10mM 
Hepes+Cm(15 µg/ml)+Strep(50 µg/ml)+FAIS(2 µl/ml, epicentre®) and was 
cultured over night at 37˚C. The fosmid DNA was now isolated by using 
Buffers (P1, P2, P3) of QIAquick Spin MiniPrep Kit (250) (Qiagen). First, 1 ml 
of the over night culture was centrifuged for 5min at 6.000g. The supernatant 
was discarded and 200µl of Buffer P1 were added. Cells were resuspended 
by vortexing. 200µl of Buffer P2 were added and the tube was inverted five 
times. Now 200µl of Buffer P3 were added and the tube was again inverted 
for five times. This suspension was now incubated for at least 15min on ice. 
Cellular debris was spun down at 13.000g for 5min. The supernatant carrying 
the fosmid DNA was transferred into 500µl of 100% isopropanol. After 
shaking the DNA-isopropanol mixture strongly, the DNA was spun down at 
13.000g for 15min. The supernatant was discarded and the DNA pellet was 
rinsed with 600µl of 70% ethanol. After a last spin of 5min at 13.000g and 
discarding the supernatant the DNA pellet was dried for several minutes at 
37˚C. The fosmid DNA was dissolved in 50µl of ddH2O and was used for 
sequencing. The DNA was sequenced at the MPI-CBG in Dresden at the 
sequencing facility.  
The primers used for sequencing were the following: 
 
Forward primer to validate the deletion of the fat2∆ICR and fat2∆TMICR gene: 
5’-CGATCCCCTGTATTCGAACT-3’ 
Reverse primer to validate the deletion of the fat2∆ICR and fat2∆TMICR gene: 
5’-TTCCTATGGAAAATAGTATCTAACG-3’ 
 
The forward primer binds around 40 bp upstream of the transmembrane 
region of fat2, while the reverse primer binds within the downstream flanking 
genomic region of fat2 and is oriented towards the 3-prime located tagging 
cassette of the transgene. 
The sequencing results of each construct showed that the desired deletion 
and the correct fusion to the GFP-FNF-3xFLAG tagging cassette occurred: 
 












part of sequence encoding fat2 intracellular region 
fat2 sequence encoding transmembrane region 
sequence of GFP-FNF-3xFLAG tagging cassette 
 
7.10.7 Step 6: Integration of the transgene into the fly genome  
Integration of the correct transgene into the fly genome was done by injection 
of the fosmids into Drosophila embryos (compare with Figure 8E). As the 
fosmid contains the donor-sequence attB that by the help of the phiC31 
integrase homologically recombines with the recipient-sequence attP16 that is 
located at the 2nd chromosome of respective flies, the fosmid will directly 
integrate at this genomic region (Markstein et al., 2008, compare with 
Figure 8F). The new fat2 variants, fat2∆ICR-GFP and fat2∆TMICR-GFP will be 
expressed by the fly under the endogenous promoter. As a marker for positive 
genomic integration of the transgene the gene 3xP3dsRed was used, which is 
a part of the fosmid that leads to red fluorescent eyes. 
The injection and the selection of transgenic flies were done by the company 
Genetic Services Inc. (http://www.geneticservices.com/injection/drosophila-
injections/). 
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7.11 Image analysis and quantifications 
7.11.1 Statistics 
To analyze the statistical probability whether two different averaged values 
that emerge from two different data sets, were significantly different (= null 
hypothesis) or not, the student t-test was used. The student t-test is a 
parametric test that can only be used when the distribution of a data set 
follows the Gaussian distribution. The data were collected in Microsoft Excel 
(Microsoft Excel for Mac 2011, 14.0.0) and the t-test was calculated by the 
command “=ttest,’dataset_1’,’dataset_2’,2”, whereby dataset_1 corresponds 
to one data set, for instance measured values for wild-type, and the dataset_2 
corresponds to the data observed from the mutant measurements. The 
gained P values were classified as follows: 
P ≥ 0.05 = not significant (n.s.) 
0.05 > P ≥ 0.01 = data sets are probably different (*) 
0.01 > P ≥ 0.001 = data sets are most probably different (**) 
P < 0.001 = data sets are significantly different (***) 
 
Whenever the normal distribution is not given (for instance when data sets 
emerge from a trigonometric formula), the Wilcoxon test was used to test 
whether different mean ranks of two data sets differ. 
To determine the P values by the Wilcoxon test the software “R” was used (R 
3.2.1 GUI 1.66). Two different data sets were inserted into a “.txt” file as two 
columns that will be read out and applied for the Wilcoxon test by the 
following “R” command:  
 
a<-read.table("File path of *.txt",sep="\t") 
wilcox.test(a$V1,a$V2) 
 
Hereby, a$V1 represents the first column and a$V2 represents the second 
column of the data populations. The results of the statistic analysis were 
presented in the respective graphs as follows: 
P ≥ 0.05 = not significant (n.s.) 
0.05 > P ≥ 0.02 = data sets are probably different (*) 
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0.02 > P ≥ 0.005 = data sets are most probably different (**) 
P < 0.005 = data sets are significantly different (***) 
 
When values of a data set were averaged, the standard error of the mean 
(SEM) was always calculated in Microsoft Excel by the following formula: 
=STDEV(‘dataset’)/SQRT(‘n’), while ‘n’ is the total number of elements that 
contribute to the data set. 
 
7.11.2  Aspect ratio measurements 
The aspect ratio of an egg chamber is the ratio between the long axis of an 
egg chamber and its short axis, both crossing the center of the egg chamber 
and being perpendicular to each other (Figure 10). The long axis is obvious in 
elongated stages and corresponds to the AP axis of the egg chambers. In 
early stages the AP axis was detected by considering the oocyte always to 
locate at the posterior tip of the egg chamber. The aspect ratio was measured 
with ImageJ 1.47v by using the “Straight” tool. This tool allows to draw 
freehand lines and to measure its length. The measurements of the quotients 
and their standard deviations as well as the generation of the graph were 
done with Microsoft Excel. Note that for stages 13 and 14 nurse cells and 
appendages were excluded from the measurements. 20 egg chambers of 
each developmental stage were analyzed.  
 
 
Figure 10. Measurement of the aspect ratio of an egg chamber. 
The aspect ratio was calculated as the quotient of the long axis (AP axis) and the 
perpendicular short axis (DV axis) of an egg chamber. 
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7.11.3  Quantification of GFP localization 
To quantify the relative GFP localization at the basal membranes of the follicle 
epithelium ImageJ 1.47v was used. Images from the confocal microscope 
were used, where one channel represents the GFP signal intensity and the 
other labels the outline of the membranes (F-actin staining). The AP axis of 
the egg chamber was oriented horizontally (= 0˚) before imaging analysis. 
Both channels were merged. By the following path Image  Colors  
Channel tools  Colors, the image was converted to multi-channel 
composite. The GFP channel was now chosen for this analysis. By double 
clicking of the “Straight” tool button the line width could be set to 10. Single 
lines corresponding to the cell membranes were drawn one by one, while after 
each by typing “M” the “Results” window shows the required values for “Mean” 
(pixel intensity) and “Angle”. (The required measurement settings can be 
found under Analyze  “Set Measurements…”.) The data was transferred 
into Microsoft Excel and the GFP signal intensities relative to the angle of the 
cell membrane were calculated. Thereby the signal intensities were averaged 
for bins of 15˚, while the values were normalized to the average pixel 
intensities of the whole egg chamber. After averaging the bins of each egg 
chamber, this value was subtracted by “1”. This facilitates the interpretation of 
the results: positive values represent enriched GFP signals and negative 
values express decreased GFP intensities at the membranes. 
 
7.11.4  Quantification of tissue-wide Collagen IV alignment  
The quantification of tissue-wide Collagen IV fibrils was done applying a 
method previously published by Cetera et al, 2014. The MatLab script written 
by Patrick Oakes (University of Chicago) was named FFTAlignment.mat can 
be found in the attachment of this thesis (see Appendix). The 
FFTAlignment.mat is run in MatLab® (R2014a, 8.3.0.532) by entering the 
name of the microscope image showing Collagen IV fibrils (Run  
‘image_name.tif’). Note that the AP axis of the egg chamber is horizontally 
oriented. The script leads to a subdivision of the image into 2.7µm x 2.7µm 
windows (defined by a “winsize” of “33") that overlap 50% with their 
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neighboring windows. The script recognizes fiber-like structures within each 
window, measures their orientation relative to the vertical axis of the image. 
The obtained vectors represent the average fibril orientation for each window 
and can be read out in the workspace of the program by selecting “anglemat”. 
These vector angles are presented as radians and need to be converted into 
degree by multiplication with 180/π. Each of the obtained angles were used to 
calculate the Alignment parameter SAP by the following formula: 
 
SAP = 2(<cos2(θAP)> -0.5) 
 
The value θAP represents the vector angle relative to the perpendicular of the 
AP axis of the egg chamber. The values of the SAP can be interpreted as 
follows: 
- S-Values that tends to “+1” signify the majority of the vectors are 
pointing perpendicular to the AP axis of the egg chamber. 
- S-Values that tends to “-1” signify the majority of the vectors are 
pointing parallel to the AP axis of the egg chamber. 
- S-Values that are close to “0” signify the vectors of the egg chamber 
are arranged randomly within the follicle epithelium.  
 
This parameter was modified from the original formula published in Cetera et 
al, 2014, where they calculated the orientation of the vectors between each 
other. 
 
Furthermore, the script generates a data set that can be used to illustrate a 
histogram. The result panel “hist_bins” shows the number of vectors for bins 
of 1˚ for the whole image. The number of vectors for each bin was normalized 
by the total number of vectors obtained in the whole image. By averaging the 
relative numbers of vectors of all analyzed images, the mean vectors were 
observed for all bins between 1˚ and 180˚. As the orientation of the vectors is 
still relative to the perpendicular of the AP axis of the egg chamber, the angles 
were shifted for 90˚ to observe a vector orientation relative to the AP axis. The 
average vector number was blotted relative to the vector orientation for each 
genotype in Microsoft Excel. 
MATERIALS AND METHODS 
 57 
7.11.5  Quantification of tissue-wide angles of F-actin and microtubules 
To quantify the alignment of basal F-actin fibers and microtubules within a 
tissue, it had to be considered that these molecules also localize at the lateral 
cell membranes. This property would distort the results of basal alignment 
quantification. Additional to the quantification of the vector angles of 2.7µm x 
2.7µm windows of the whole microscope image, as it was done for Collagen 
IV fibrils, these whole-tissue vectors were locally averaged within each cell. 
These values represent the cellular vector angle. But to define the area of 
single cells in the tissue, a mask file that sets cellular borders has to be 
introduced to the script. The mask was generated manually in Fiji by first 
covering the cell membranes by black lines using the “Pencil” tool (set pencil 
width to 15). Once the membranes are eliminated the following macro was 
run: 
 
Fiji macro “MaskMacro.ijm” that creates a mask that can be incorporated into 














This mask was saved as “mask.tif”. Similar to the procedure in the previous 
chapter, the script “FFTAlignment.mat” was run with the respective 
microscope image. Now by running the small script “Test1.mat” (see 
Appendix) a “data” file appears in the workspace that needs to be stored 
under “Data.mat”. Finally a new script “AverageCellAlignment.mat”, kindly 
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provided by Patrick Oakes (see Appendix), incorporates the mask file. It was 
run with the following command: ‘image_name.tif’,’mask.tif’,’data.mat’ 
The calculated results as “hist_bins” (number of vectors for bins of 1˚) and 
“anglemat” (here, cellular vector angles) are again listed in the workspace and 
were transferred into Microsoft Excel and treated as “hist_bins” and 
“anglemat”, explained in chapter 7.11.4. 
 
7.11.6  Analysis of periodicity of F-actin oscillations 
The movies of F-actin oscillations at stages 9 and stage 10 were taken for 
both the green channel (utABD::GFP) and the red channel (FM4-64, labeling 
cell outlines). Movies were transferred to Fiji where both channels were 
separated. All image sequences were saved in different folders. The FM4-64 
channel was now transferred into Packing Analyzer (Aigouy et al., 2010) and 
the most interesting cell packages were segmented (drawing cell outlines). 
After segmentation the following processing steps were done stepwise: 
- Post process  finish all 
- Recenter  fake recentering 
- Tracking  track cells V2 
Now the most interesting cells that show a strong periodic F-actin assembly, 
were used for “Virtual cloning”. First the clone number was defined, than the 
desired cell was marked by a left mouse click. By choosing “track clone” a 
new *.png file was created for each movie frame that represents the cell as a 
selection. Once all desired clones are tracked the following Fiji macro was 
used to analyze the pixel intensity within the selection over time of a certain 
clone. The *.png file for the respective clone has to be typed into line number 
8 of the script. When this macro is run, it asks for the *.lst file, which 
represents the collection of all FM4-64 images and has to be generated by 
Packing Analyzer, and for a folder, where the image sequences of the F-actin 
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Fiji macro “Cell-intensity_single clones.ijm” used for analyzing pixel intensities 
in a certain selection: 
 
run("Set Measurements...", "area mean redirect=None decimal=3"); 




measure_dir=getDirectory("Choose the Directory of the actin staining");  
measuredfiles=getFileList(measure_dir); 
filename="tracked_clone_001.png"; 







imageCalculator("Subtract create", "clone","handCorrection.png"); 






















This Fiji macro was kindly written by Dr. Marcus Michel (Dahmann lab). 
 
7.11.7  Quantification of the rotation velocity of egg chambers 
Movies that have been taken at the microscope show the FM4-64 dye labeled 
membranes that were used for tracking the tissue movement over time. The 
displacement of cellular junctions, which were equidistant to the anterior and 
posterior pole of the egg chamber, were tracked manually with the “Point” tool 
in Fiji (check Auto-next slide) along the axis perpendicular to the AP axis. The 
displacement was determined by calculating the distance in pixels (∆XY) from 
position 1 at time point 0 with the coordinates (X1;Y1) and the position 2 after 
40 min for stages 3-4 or after 20 min for stage 6-8 with the coordinates 
(X2;Y2) by the following formula: 
 
∆XY = √((X1-X2)2+(Y1-Y2)2) 
 
The velocity of the egg chamber is finally achieved by translating pixels into 
µm (scale comes with the metadata from the microscope software) and 




8.1  Expression of full-length fat2-GFP gene fully rescues all 
aspects of the fat258D mutant phenotype 
The proper morphogenesis of the Drosophila egg chamber is dependent on 
the atypical cadherin Fat2. Female mutants for fat2, like the null mutant 
fat258D published by Viktorinova et al. (2009), fail to produce normally 
elongated egg chambers and are sterile. This mutant egg chamber shape 
correlates with a failure to align F-actin, microtubules, Collagen IV and to 
rotate. Expression of a GFP-tagged Fat2 from a transgene (fosmid) in fat258D 
mutant flies resulted in normal elongated egg chambers (Viktorinova et al., 
2009). However, it was not tested whether this transgene fully rescues all 
aspects of fat258D mutants, such as F-actin, Collagen IV and microtubule 
alignment. Since my structure-function analysis of Fat2 will be based on the 
GFP-tagged Fat2 fosmid, I first tested whether and to which extent this 
transgene restores the phenotype of the fat258D mutation to the wild type 
situation. 
8.1.1 Expression of the fat2-GFP gene rescues the fat258D mutant egg 
shape and sterility 
Flies mutant for fat258D fail to elongate their eggs during oogenesis (Gutzeit et 
al., 1991; Viktorinova et al., 2009). These eggs are roundish and do not pass 
the oviduct of the female fly, which finally results in sterility. It has been shown 
qualitatively that expression of Fat2-GFP protein is sufficient to elongate the 
mature egg into a wild type shape. However, a quantification of the shape of 
all the developmental stages during oogenesis has not been done. To test 
whether the expression of the transgene fat2-GFP quantitatively rescues the 
defect of egg chamber elongation, I mounted control wild type ovaries and 
ovaries from fat258D (a null-allele of fat2) mutant flies carrying the fat2-GFP 
transgene. The ovarioles of both genotypes have a similar shape in all their 
developmental stages (Figure 11A). To quantify the extent of elongation, I 
measured the ratio of AP/DV axis of the egg chambers at different stages. As 
shown previously (Haigo and Bilder, 2011) in control flies the aspect ratio 
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increased from 1 to 2.3 (Figure 11B). In fat258D mutants expressing fat2-GFP 
the aspect ratio increased with developing stages indistinguishable from 
controls.  
 
The roundish egg shape produced by egg elongation mutant females, such as 
fat258D, correlate with defects of egg deposition (oviposition). I tested, whether 
the mutant females expressing fat2-GFP transgene can restore oviposition. I 
harvested females over a certain time span and quantified their oviposition by 
counting the laid eggs and normalizing that amount by the number of females. 
Compared to the oviposition of females that carry the transgene fat2-GFP in 
 
 
Figure 11. Expression of the fat2-GFP gene rescues the fat258D mutant egg 
shape and sterility up to wild type conditions. 
(A) Fixed ovarioles of female flies with indicated genotypes. Scale bars: 100µm. 
(B) Egg chamber aspect ratio (AR) quantification relative to the developmental 
stages of the indicated genotypes. (n=20 egg chambers per stage; error bars 
represent ±SEM; comparing the AR between the genotypes for every stage: 
P > 0.055 (Student t-test))  
(C) Percentage of the oviposition rate of wild type female flies normalized to the fat2-
GFP expressing flies in fat258D mutant background (n=5 experiments; error bars 
represent ±SEM; Comparing oviposition of both genotypes: P = 0.73, n.s.= not 
significant) (modified after Aurich and Dahmann, 2016) 
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the fat258D mutant background, which was set to 100%, oviposition rate of wild 
type eggs was not statistically different (Figure 11C). 
These results show that flies expressing Fat2-GFP protein in a fat258D mutant 
background show egg chamber shapes und fertility rates comparable to wild 
type situation. 
 
8.1.2  Using an ‘Alignment parameter’ SAP to quantify the directionality 
of cytoskeletal structures and extracellular matrix fibrils 
During egg chamber development cytoskeletal structures as F-actin fibers and 
microtubules as well as extracellular matrix fibrils are mainly oriented 
perpendicular to the long axis of the egg chamber (Gutzeit et al., 1991; Haigo 
and Bilder, 2011). This global alignment is lost in fat258D mutants coinciding 
with egg elongation failures. To quantify the directionality of these structures 
within a planar tissue I needed to apply an algorithm that recognizes the 
orientation fibers based on a microscope image and expresses this by values 
that are usable for statistics. Therefore I modified a MatLab algorithm 
developed by Cetera et al. (2014). This algorithm calculates an ‘Order 
parameter’ (S) that expresses whether these structures are well aligned to 
each other or whether the arrangement of these structures is rather random. 
As I am interested in the alignment relative to the AP axis of the egg 
chambers, the new parameter S resulting from the modified formula was now 
renamed into the ‘Alignment parameter’ SAP (see Materials and Methods). 
To quantify tissue-wide alignment of Collagen IV fibrils in a given microscopy 
image, the program divides this image into defined subcellular windows and 
recognizes the average orientation of the structures within each square. 
The quantification of F-actin fibers or microtubules requires the introduction of 
a mask that defines cell outlines (Figure 12A-B). This is, because the mask 
covers fibers at the cell junctions, which disturb the basal intra-cellular 
network, and thereby we excluded them from the calculations (Figure 12C, 
D). As a result I observed angles expressing only intracellular fiber orientation 
(Figure 12E, red arrows). By using every single cellular angles relative to the 
AP axis of the egg chamber (θAP) the SAP value of basal structures over the 
whole tissue can be determined (Figure 12F, G) that expresses whether all 
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cellular vector angles show a tissue wide alignment relative to the AP axis or 
whether they are randomly oriented. Thereby SAP ranges from “-1” (all 
structures are aligned parallel to the AP axis) to “+1” (all structures are 
aligned perpendicular to the AP axis), whereas a SAP value of “0” means a 
random orientation. 
The alignment parameter SAP allows us to compare the tissue-wide 
directionality of F-actin fibers, microtubules and Collagen IV fibrils between 





Figure 12. Quantification of the Alignment parameter SAP. 
(A) Representative image of the basal site of the follicle epithelium of a wild type 
stage 8 egg chamber where F-actin fibers are labeled with Phalloidin-Rhodamine. 
(B) Manually drawn mask separating cells from each other. 
(C) Combination of the microscope image and the mask. 
(D) Subcellular angles (green arrows) indicate subcellular alignment of F-actin fibers. 
(E) Cellular angles (red arrows) indicate the average F-actin fiber alignment of each 
cell excluding directors of the mask borders. 
(F) The cellular angle of F-actin fibers relative to the AP axis is determined as θAP. 
(G) The alignment parameter SAP is calculated by the indicated formula. The range of 





8.1.3  Expression of the fat2-GFP gene rescues microtubule alignment 
of fat258D mutant egg chambers 
Microtubules were found to be planar polarized at the basal site of the follicle 
epithelium from stage 6 to stage 8 (Viktorinova and Dahmann, 2013). To test 
whether and to which extent the disturbed planar polarity of microtubules in 
fat258D mutants is rescued by the expression of the full-length fat2-GFP gene I 
stained these structures by antibody staining against α-tubulin, a main subunit 
of microtubules. Based on the microscope images the MatLab algorithm was 
used to quantify tissue-wide microtubule alignment relative to the AP axis. 
The basal microtubules of wild type stage 6 egg chambers are planar aligned 
perpendicular to the AP axis (Figure 13A). Basal microtubules of fat2-GFP 
expressing fat258D mutant flies were also aligned within that direction 
(Figure 13B). The distribution of the quantified angles observed for each 
genotype indicates that the majority of the microtubules are oriented around 
90˚ relative to the AP axis in both genotypes (Figure 13C, D). The quantified 
alignment parameter SAP of these angles reached a value of 0.6 for wild type 
and fat2-GFP expressing fat258D mutant flies. The SAP value of both 
genotypes approximates “+1” concluding microtubules tend to align 
perpendicular to the AP axis in stage 6 egg chambers (Figure 13E). Later in 
egg chamber development, in stage 8 intracellular microtubules were also 
aligned perpendicular to the AP axis, which was visible in the microscope 
images (Figure 13F, G). The distribution of all cellular angles of microtubules 
indicates the majority was oriented perpendicular to the AP axis for both 
genotypes (Figure 13H, I). The quantifications of the issue-wide microtubule 
alignment relative to the AP axis resulted in a SAP value of again 0.6 for both 
egg chambers of wild type and fat2-GFP expressing fat258D mutant flies 
(Figure 13J). These results demonstrate that by expressing the Fat2-GFP 
protein in the fat258D mutant background the microtubule alignment is fully 




Figure 13. Expression of fat2-GFP rescues the alignment of microtubules in 
fat258D mutant egg chambers. 
(A,B) Representative microscope images after α-tubulin staining for the indicated 
genotypes at stage 6. Scale bars: 10µm. 
(C,D) Distribution of the cellular angles of microtubules relative to the AP axis at 
stage 6 in 5˚ intervals where 0˚/180˚ means parallel to the AP axis. (n=5 egg 
chambers of each genotype)  
(E) SAP values describing the microtubule alignment for each genotype at stage 6 
(n=5 egg chambers each) Comparing SAP values for both genotypes and stages: P > 
0.05 (Wilcoxon test). 
(F,G) Representative microscope images after α-tubulin staining for the indicated 
genotypes at stage 8. Scale bars: 10µm. 
(H,I) Distribution of the cellular angles of microtubules relative to the AP axis at 
stage 8 in 5˚ intervals where 0˚/180˚ means parallel to the AP axis. (n=5 egg 
chambers of each genotype) 
(J) SAP values describing the microtubule alignment for each genotype at stage 8 
(n=5 egg chambers each) 
Comparing SAP values for both genotypes and stages: P > 0.05 (Wilcoxon test). Error 
bars represent ±SEM, n.s. = not significant (after Aurich and Dahmann, 2016) 
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8.1.4  Expression of the fat2-GFP gene rescues F-actin and Collagen IV 
alignment of fat258D mutant egg chambers 
The atypical cadherin Fat2 is required for proper alignment of F-actin fibers 
and ECM fibrils between stages 6 and 8 during the development of the 
Drosophila egg chamber (Gutzeit et al., 1991; Haigo and Bilder, 2011). fat258D 
egg chambers display a random tissue-wide orientation of F-actin fibers and 
have problems in establishing a ECM sheet of oriented fibrils. To test whether 
this defect can be rescued in flies, which express the full-length transgene 
fat2-GFP but are mutant for fat258D, I examined the F-actin fibers and ECM 
fibrils in these flies and compared the alignment of these structures with wild 
type egg chambers. Therefore I stained F-actin by Rhodamine-Phalloidin 
while the ECM was labeled by using a GFP protein trap inserted into the gene 
viking that encodes for Viking, a small subunit α2(IV) of Collagen IV 
(Buszczak et al., 2007) and was previously used to investigate the basement 
membrane in egg chambers (Cetera et al., 2014; Haigo and Bilder, 2011; 
Isabella and Horne-Badovinac, 2016). By applying the MatLab script on the 
microscope images I was able to quantify and compare the tissue-wide 
alignment of these structures for both genotypes. 
The basal site of the follicle epithelium of wild type egg chambers at stage 6 
were polarized perpendicular to the AP axis of the egg chambers 
(Figure 14A). The majority of the cellular angles of F-actin fiber, detected with 
MatLab, was perpendicular to the AP axis (Figure 14C). In stage 6 egg 
chambers the expression of the protein Viking-GFP is evident forming already 
small fibrils (Figure 14B). These ECM fibrils exhibit a tissue-wide angle 
distribution comparable to F-actin fibers (Figures 14D). fat258D mutant egg 
chambers of stage 6 expressing Fat2-GFP protein had the same F-actin and 
Collagen IV fibril orientation compared to wild type egg chambers 
(Figures 14E, F). Also the distribution of the MatLab-detected fiber angles 
relative to the AP axis was comparable to the wild type distribution 
(Figures 14G, H). In stage 8 of wild type egg chambers F-actin fibers and 
ECM fibrils, here even thicker and longer, were still stricter aligned compared 
to stage 6 (Figures 14I, J). Quantifications with MatLab demonstrated that 
almost all cellular F-actin angles and all Collagen IV fibers were detected to 
orient close to 90˚ relative to the AP axis (Figures 14K, L). F-actin alignment 
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and ECM fibril alignment of fat2-GFP expressing fat258D mutant flies are both 
strictly aligned along the circumferential axis, comparable to wild type egg 
chambers in that stage (Figures 14M, N). The frequency of angle distribution 
of these structures showed a clear peak at 90˚ relative to the AP axis of the 
egg chamber (Figures 14O, P).  
Finally, the quantification of the SAP values demonstrated a tissue-wide F-
actin alignment perpendicular to the AP axis for both wild type and fat2-GFP 
expressing fat258D mutant egg chambers as they range to about 0.8 for either 
stage 6 or stage 8 (Figure 14Q, left panel). The SAP for Collagen IV 
orientation of stage 6 egg chambers revealed a value about 0.3, which was 
similar between both wild type and fat2-GFP expressing fat258D mutant flies, 
whereas the SAP values for stage 8 for both reached about 0.5 (Figure 14Q, 
right panel). Although the values for Collagen IV alignment quantification were 
rather small compared to F-actin analysis, which could be due to limitations of 
the structure detection by the MatLab algorithm, the angle distributions 
showed a clear preference to align perpendicular to the AP axis for both 
genotypes.  
I conclude that expression of the transgene fat2-GFP is sufficient to rescue 
the F-actin alignment und ECM fibril alignment of fat258D mutants to a wild 




Figure 14. Expression of fat2-GFP rescues F-actin fiber and Collagen IV fibril 
alignment in fat258D mutant flies. 
(A,E,I,M) Representative con focal images of the basal site of egg chambers for the 
indicated genotypes and stages where F-actin is labeled with Phalloidin-Rhodamine. 
(B,F,J,N) Same section of egg chambers as in A,E,I,M where Collagen IV is stained 
by Viking-GFP. Scale bars: 10µm 
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Frequency of F-actin filament orientation (C,G,K,O) and of Collagen IV fibril 
orientation (D,H,L,P) in 5˚ intervals where 0˚/180˚ means an orientation parallel to the 
AP axis. (n=5 egg chambers for each genotype, error bars represent ±SEM) 
(Q) Quantification of the Alignment parameter SAP for F-actin fiber alignment (left and 
Viking-GFP fibrils (right). n=5 egg chambers for each genotype, error bars represent 
±SEM; n.s. = not significant Comparing SAP values for both genotypes and stages: P 
> 0.05 (Wilcoxon test). (modified after Aurich and Dahmann, 2016) 
 
 
8.2  Generation of different fat2 mutant transgenes by 
homologous recombineering 
Egg chambers in Drosophila exhibit various processes, such as establishment 
of basal circumferential F-actin filaments, and ECM fibrils, planar polarized 
localization of the atypical cadherin Fat2, and global egg chamber rotation 
that occur at the same time when these egg chambers elongate (Gutzeit, 
1990; Haigo and Bilder, 2011; Viktorinova et al., 2009). So far it is unclear, 
whether and to which extent these processes are required for egg chamber 
elongation. As various egg elongation mutants, such as fat258D, produce 
round eggs and at the same time abolish all co-occurring processes, it has 
been impossible to uncouple them from each other (Bilder and Haigo, 2012; 
Bateman et al., 2001; Conder et al., 2007; Gutzeit et al., 1991; Frydman and 
Spradling, 2001; Lewellyn et al., 2013; Viktorinova et al., 2009). Fat2 plays a 
central role in driving egg chamber elongation, however there is little known 
about the molecular functions of this protein, its potential co-players and the 
mechanisms by which this protein controls egg chamber elongation. 
Fat2 exhibits a rather small intracellular region of 383 amino acids. Despite 
three by in vitro analysis identified WRC interacting receptor sequence 
(WIRS) motifs, no further motifs have been detected. It is unknown whether 
the intracellular region exhibits domains that are required for the functions of 
Fat2 in the egg chamber. In order to test which of the numerous functions of 
Fat2 during egg chamber elongation, such as driving egg chamber elongation 
and establishing polarity of basal F-actin fibers, microtubules, ECM fibrils and 
global tissue migration, depend on its intracellular region, I designed two 
versions of a fat2 mutant gene. The first fat2 mutation carries a deletion of the 
sequence encoding for the intracellular region (termed as fat2∆ICR) and a 
second that additionally lacks the sequence coding for the transmembrane 
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domain (termed as fat2∆TMICR). Therefore I made use of a fat2 gene carrying 
fosmid, which was already published by Ejsmont et al., 2009. The advantage 
of using a fosmid is that here genes are flanked by large wild type regions of 
the fly genome. Thus, the intensity, developmental time-point and localization 
of the expression are under control of the wild type promoter and enhancers. 




Figure 15. Structure-function analysis of fat2. 
(A) Scheme of the protein structure of Fat2-GFP and the two transgenic proteins 
Fat2∆ICR-GFP and Fat2∆TMICR-GFP. 
(B) Simplified schematic presentation of the rescue experiment done in this thesis. 
Flies homozygous for fat258D show the mutant phenotype (sterile, round egg 
phenotype). Together with the expression of the full-length fat2-GFP gene, proper 
oogenesis is rescued. To test whether the newly designed fat2 constructs rescue the 
mutant phenotype, flies carrying the respective transgene in the fat258D mutant 





transgene at the 3’-end of the gene. I replaced the fat2 gene sequence that 
had to be deleted by a GFP cassette, which in turn was flanked by short 
sequences homologous to the deletions’ flanking regions. This cassette 
carried a removable Kanamycin resistant gene for selection, a tool that is only 
useful while generating the construct in E.coli. After homologous 
recombineering of the cassette the designed fat2 mutant genes were coupled 
with the GFP-tag. The transgenic constructs were now termed as fat2∆ICR-
GFP and fat2∆TMICR-GFP (Figure 15A). 
By phiC31-mediated integration both constructs were inserted into a specific 
locus on the 2nd chromosome. This insertion locus was already used in 
Viktorinova et al. (2009) for the fosmid-based gene fat2-GFP and was chosen 
again to ensure that phenotypic effects are not a result of the chromosomal 
landing site but of the construct itself. To see whether the expression of the 
constructs rescued the mutant phenotype the flies were crossed into the 
fat258D mutant background (a scheme of the rescue experiment is shown in 
Figure 15B). 
 
Fat2 plays a central role and apparently crosslinks multiple processes 
happening during egg chamber development. The principle aim of my thesis 
was to correlate one or more of the molecular functions of Fat2 to its 
intracellular region and its transmembrane domain. By having now flies 
expressing fat2∆ICR-GFP and fat2∆TMICR-GFP in the fat258D mutant background, 
the experimental outline of my thesis was to observe, whether and to which 
extent these transgenes rescue the mutant phenotype. In brief, I observed 
egg chamber elongation during oogenesis and the oviposition rate of the 
matured eggs of these flies. Further I aimed to investigate, whether the 
Fat2∆ICR-GFP and Fat2∆TMICR-GFP proteins exhibit a planar polarization that 
has been documented for Fat2 (Viktorinova et al., 2009). Moreover, I wanted 
to know, whether the transgenes can rescue the basal alignment of 
microtubules, F-actin fibers and ECM fibrils in the follicle epithelium. To 
complete the fat258D mutant rescue experiment egg chambers expressing the 
transgenes were analyzed, whether they can restore egg chamber rotation. 
Findings emerging from this assay will uncover the function of the intracellular 
region and the transmembrane domain of Fat2. In addition they will help to 
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understand which of the several processes, as establishing polarity of basal 
F-actin fibers, microtubules, ECM fibrils, Fat2 planar polarity and egg chamber 
rotation, are not required for egg chamber elongation.  
 
 
8.3  The intracellular region of Fat2 is dispensable for some 
specific aspects of the Fat2 functions 
8.3.1  The egg chamber elongation is independent of the intracellular 
region of Fat2 
Flies mutant for fat258D fail to elongate their egg chambers, as they remain 
roundish till the end of egg chamber development compared to wild type egg 
chambers (Gutzeit et al., 1991; compare Figures 16A and B). I aimed to test 
whether the intracellular region and the transmembrane domain of Fat2 are 
required for proper egg chamber elongation. Therefore I tested, whether the 
expression of either fat2∆ICR-GFP or fat2∆TMICR-GFP in fat258D flies rescues the 
mutant round egg chamber morphology by measuring the aspect ratio of egg 
chambers (long axis divided by the short axis of the egg chamber) at all 
developmental stages during oogenesis. These aspect ratios were compared 
to those of the egg chambers from fat258D mutant flies. 
Egg chambers mutant for fat258D slightly increase their aspect ratio from first 1 
(spheric) up to a value of 1.5 at stage 7, which is a morphological change that 
is also evident in wild type egg chambers (Figure 16E; compare blue with red 
line). While wild type egg chambers continue elongation until stage 12 of egg 
chamber development up to an aspect ratio of 2.2, elongation of fat258D 
mutant egg chambers stalls from stage 7 onwards (Figure 16E; compare blue 
with red line). fat258D mutant flies which express fat2∆TMICR-GFP produce egg 
chambers showing aspect ratios similar to fat258D mutants throughout egg 
chamber development (Figure 16C and E; compare red and orange line). As 
these egg chambers also stop elongating from stage 7 on, the resulting 
mature eggs exhibit a roundish shape comparable to mutant eggs. In contrast, 
expression of the fat2∆ICR-GFP construct leads to a persistent egg chamber 
elongation after stage 7 and could thereby rescue the round mutant egg 
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shape (Figure 16D). The aspect ratios of egg chambers of all stages display 
values similar to wild type egg chambers (Figure 16E; compare green and 
blue line). These results lead to the conclusion that the intracellular region is 
not required for proper egg chamber elongation, whereas the presence of the 
transmembrane domain is indispensable. 
 
To test whether the intracellular region and the transmembrane domain of 
Fat2 are required for proper egg deposition, I compared the number of laid 
eggs of a fixed number of females of every genotype. Females mutant for 
fat258D are not able to deposit their eggs, in contrast to those, which 
additionally express the full-length Fat2-GFP protein (amount was set to 
100%). Expression of the fat2∆TMICR-GFP construct in the fat258D mutant 
background could not rescue oviposition, as they are still unable to deposit 
their eggs (Figure 16F, orange column). However, egg chambers expressing 
the fat2∆ICR-GFP rescued oviposition rates up to 67% (Figure 16F, green and 
blue column). We conclude that the transmembrane is still a necessary 
requirement for egg deposition. Although there was not a full rescue, which 
might be due to general decrease in fitness of the fat2∆ICR-GFP expressing 







Figure 16. The intracellular region of Fat2 is not required for egg chamber 
elongation and proper oviposition. 
(A,B,C,D) Fixed ovarioles of female flies with indicated genotypes. Scale bars: 
100µm. 
(E) Egg chamber aspect ratio (AR) quantification relative to the developmental 
stages of the indicated genotypes. (n=20 egg chambers per stage; error bars 
represent ±SEM; comparing the AR between all genotypes for stages 2-7: 
P > 0.05; comparing the AR of fat258D/fat2∆TMICR-GFP with fat2-GFP/fat2∆ICR-GFP 
expressing lines for stages 8-14: P < 0.002 (Student t-test)  
(F) Percentage of the oviposition rate of flies with indicated genotype normalized to 
the fat2-GFP expressing flies in fat258D mutant background (n=5 experiments; error 
bars represent ±SEM; comparing oviposition of fat2∆ICR-GFP with fat2-GFP 
expressing lines: P = 0.17; comparing oviposition of fat2∆TMICR-GFP with fat2-GFP 
expressing lines: P < 0.001 (Student t-test) (modified after Aurich and Dahmann, 
2016) 
 
8.3.2. Localization of Fat2 protein depends on the intracellular 
region of Fat2 
Fat2 protein localization is planar polarized at the basal site of the follicle 
epithelium of egg chambers at stages 6 to 8 (Viktorinova et al., 2009). 
However, it is not clear which part of the protein drives this planar cell polarity 
of Fat2 and much less whether this localization is actually required for egg 
chamber elongation. To test whether the intracellular region or both 
transmembrane domain and intracellular region of Fat2 determine the 
localization of the protein, I analyzed the protein localization in stages 6 and 8. 
The visualization of the protein localization was observed by the fusion of the 
GFP-tag to the transgenes. An additional α-GFP antibody staining was done 
to enhance the signal of the rather weakly expressed protein. An anti-GFP 
staining of fat258D mutant egg chambers at stage 6 and 8 verified the absence 
of any GFP-tagged transgene (Figure 17A and B). When those fat258D flies 
express the fat2-GFP full-length gene, a clear GFP signal is detectable at cell 
junctions parallel to the AP axis, indicating that the protein localization is 
planar polarized (Figure 17C and D). In contrast, expression of Fat2∆TMICR-
GFP protein in the fat258D mutant background did not show this typical planar 
polarized localization in both stage 6 and stage 8, but it is rather distributed 
throughout the cytosol by accumulating in patch-like structures (Figure 17E 
and F).  This indicates that the Fat2∆TMICR-GFP protein fails to localize to the 
plasma cell membrane and is likely localized within vesicles. Interestingly, 
expression of Fat2∆ICR-GFP protein leads to GFP signals that localize to the 
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plasma cell membrane, however it does not show a planar polarized 
localization, but is instead uniformly present (Figure 17G and H). To further 
test whether this protein indeed localizes differently compared to Fat2-GFP 
protein, I quantified the GFP signal intensity relative to the angle of the 
junctions for both of the genotypes. Thereby, positive values show an 
increase of GFP signals, whereas negative values represent decreased GFP 
localization. In wild type Fat2-GFP expressing egg chambers at stage 6, and 
even more evident in stage 8, Fat2-GFP intensities are lower at cell junctions 
oriented around 90˚ to the AP axis whereas the junctions parallel to the AP 
axis (0˚ or 180˚) show higher GFP intensity (Figure 17C’ and D’; as published 
previously Viktorinova et al., 2009). In conclusion, Fat2-GFP protein localizes 
at junctions that are parallel to the AP axis. The quantifications of GFP signal 
intensities of egg chambers expressing Fat2∆ICR-GFP confirm that the 
localization of the protein is randomly distributed throughout the cell 
membranes as GFP intensities do not correspond to any orientation of cell 
junctions (Figure 17G’ and H’). 
These results show firstly that the membrane localization of Fat2 per se 
depends on the transmembrane domain. Secondly, and most importantly, the 
planar polarized localization of Fat2 depends on its intracellular region. These 
results taken together with the previous findings show that not only the 
presence of the intracellular region but also the planar polarization at the 







Figure 17. The intracellular region of Fat2 is required for its planar polarized 
localization. 
(A-H) Representative images of the basal site of follicle epithelium stained with α-
GFP antibody for the indicated genotypes and stages. Scale bars: 10µm. 
(C’,D’,G’,H’) Quantification of Fat2-GFP signal intensities relative to the angle of the 
respective cell junctions in 15˚ intervals, where 0˚/180˚ means parallel to the AP axis 
(n=10 egg chambers per genotype and stage; error bars represent ±SEM) (modified 
after Aurich and Dahmann, 2016) 
 
8.3.3  The alignment of microtubules is dependent on the intracellular 
region of the protein 
The planar polarized localization of Fat2 at the basal site of the follicle 
epithelium during stages 6 to 8 depends on intact microtubules, while vice 
versa a correct orientation of microtubules depends on the presence of Fat2 
protein (Viktorinova and Dahmann, 2013). To test whether the planar 
polarized alignment of basal microtubules depends on the intracellular region 
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of Fat2, I did an antibody staining against the microtubule subunit α-tubulin. 
As already published in Viktorinova et al. (2013) microtubule alignment was 
abolished in fat258D mutant egg chambers in stages 6 and 8 (Figure 18A and 
I). The distribution of the cellular angles of microtubules quantified by MatLab 
(see Materials and Methods) displayed also a random orientation of these 
structures (Figure 18E and M). In contrast, as already shown in Figure 13, 
expression of the full-length Fat2-GFP protein results in the typical orientation 
of microtubules perpendicular to the AP axis of the egg chamber (Figures 
18B, J). Quantifications of the cellular angles of microtubules demonstrate a 
polarized orientation of these structures mainly perpendicular to the AP axis 
(Figures 18F, J). Expression of the transgenic protein Fat2∆TMICR-GFP could 
not rescue the abolished microtubule orientation of fat258D mutant egg 
chambers in both stages 6 and 8 (Figure 18C, K). Comparable to the 
distribution of intracellular microtubule angles of fat258D mutants, there was no 
preference of orientation in the follicle epithelium (Figures 18G, O). 
Interestingly, for fat258D mutants expressing the fat2∆ICR-GFP construct 
microtubule orientation could not be restored neither (Figure 18D, L). The 
distribution of the cellular angles again showed that microtubules nearly align 
randomly in the tissue (Figure 18H, P). 
To compare the microtubule alignment of all tested genotypes quantifications 
of the alignment parameter SAP (see Materials and Methods) of all egg 
chambers at stages 6 and 8 were done. The highest SAP value was observed 
for microtubules in fat2-GFP expressing fat258D mutant egg chambers that 
showed a value of 0.6 in stage 6 and 0.5 in stage 8 (Figure 18Q). These 
values were statistically different from the other genotypes as they were lower 
than 0.3, and thereby closer to 0, meaning a random orientation throughout 
the tissue. 
I conclude that the presence of the intracellular region of Fat2 is required for a 
proper microtubule alignment perpendicular to the AP axis. Taken these 
results together with the previous, they further reveal that microtubule 
alignment and planar polarity of Fat2 correlate with each other. Most 
interestingly these results show that not only Fat2 localization but also 





Figure 18. Expression of fat2∆ICR-GFP does not rescue the alignment of 
microtubules in fat258D mutant egg chambers. 
(A-D, I-L) Representative microscope images of the basal site of follicle cells after 
α-tubulin staining for the indicated genotypes and stages. 
(E-H, M-P) Distribution of the cellular angles of microtubules relative to the AP axis 
for the indicated genotypes and stages in 5˚ intervals where 0˚/180˚ means parallel 
to the AP axis. (n=5 egg chambers of each genotype)  
(Q) SAP values describing the microtubule alignment for each genotype at stage 6 
and stage 8 (n=5 egg chambers, error bars represent ±SEM, comparing SAP values 
of microtubule alignment at stage 6: for fat2∆ICR-GFP with fat2-GFP expressing lines: 
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P < 0.02; for fat2-GFP with fat258D expressing lines: P < 0.05; for fat2∆ICR-GFP or 
fat2∆TMICR-GFP with fat258D expressing lines: P > 0.5 (Wilcoxon test). 
Comparing SAP values of microtubule alignment at stage 8: for fat2
∆ICR-GFP with fat2-
GFP expressing lines: P < 0.03; for fat2-GFP with fat258D expressing lines: P < 0.02; 
for fat2∆ICR-GFP or fat2∆TMICR-GFP with fat258D expressing lines: P > 0.3 (Wilcoxon 
test). n.s. = not significant; error bars represent ±SEM; Scale bars: 10µm. (modified 
after Aurich and Dahmann, 2016) 
 
8.3.4 The intracellular region of Fat2 is required for proper early F-actin 
and Collagen IV fibril alignment 
The current model of egg chamber development postulates a so-called 
molecular corset contributing to egg chamber elongation (Haigo and Bilder, 
2011). These corsets consist of basal intracellular F-actin fibers and ECM 
fibrils at the basal surface of egg chambers, which are both aligned relative to 
the direction of egg chamber rotation. However, it is not clear whether the 
alignment of these structures is required for tissue elongation. To test whether 
the transmembrane and intracellular region of Fat2 are important for F-actin 
and ECM alignment in the early stage 6, I labeled both F-actin and the 
Collagen IV subunit Viking to analyze their alignment in fat258D mutant flies 
expressing the respective fat2 mutant constructs. 
Basal F-actin fibers of fat258D mutant egg chambers lost their global 
orientation, although these fibers were still aligned parallel to each other 
within each follicle cell (Figure 19A; previously published in Gutzeit et al., 
1991; Viktorinova et al., 2009). Additionally, Viking-GFP staining reveals no 
clear ECM fibrils, and thereby no directionality, being present at the basement 
membrane of these egg chambers (Figure 19E; previously published in Haigo 
and Bilder, 2011). Quantification of the distribution of F-actin and ECM fibril 
angles demonstrated a near random orientation of the structures (Figure 19I 
and M). This indicates that no molecular corset is established in fat258D 
mutants, which in turn correlates with the defect of egg chamber elongation. 
In contrast, egg chambers expressing the fat2-GFP gene align F-actin and 
Collagen IV filaments perpendicular to the AP axis consistently all over the 
follicle epithelium (Figures 19B, F; previously published in Gutzeit et al., 
1991; Haigo and Bilder, 2011; Viktorinova et al., 2009). In stage 6 rather small 
Collagen IV fibrils are established which yet align already parallel to the F-
actin filaments (Figure 19F; arrow heads). This global alignment is also 
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evident in the graph showing the angle distribution of these molecular fibrils, 
where the majority of the angles were oriented perpendicular to the AP axis 
(Figure 19J and N). The mutant phenotype of dispersed F-actin and Viking-
GFP fibril alignment could not be rescued by expression of fat2∆TMICR-GFP. 
Here, both cellular F-actin fibers and Collagen IV fibrils formed small bundles 
that orient into random directions (Figures 19C, G (arrow heads pointing at 
fibril bundles)). This rather random distribution of the structures’ orientation in 
the tissue was also visible in the quantifications done with MatLab, where the 
frequency of fibers does not correlate with any direction (Figures 19K and O). 
Interestingly the expression of fat2∆ICR-GFP in the fat258D mutant background 
partially rescued F-actin alignment. 5 of 12 egg chambers showed a fat258D 
phenotype (Figure 19D), while the remaining egg chambers exhibit a rather 
wild type alignment of F-actin fibers. After applying the MatLab algorithm to 
these images, there is a biased fiber orientation perpendicular to the AP axis, 
however the frequencies of these oriented fibers reach only half of the value 
detected in wild type F-actin fibers (Figure 19L). Viking-GFP stainings in 
fat2∆ICR-GFP expressing fat258D mutant egg chambers revealed some bundles 
or small fibrils pointing into random directions (Figure 19H; note arrow 
heads). These Collagen IV fibrils were very locally aligned and remarkably 
correspond to the F-actin alignment in the follicle cells directly beneath this 
basement membrane. This resulted again in a transient distribution of 
Collagen IV fibril angles between wild type and mutant distribution 
(Figure 19P). Quantification of the Alignment parameter SAP again facilitates 
comparing F-actin and Collagen IV alignment between the analyzed 
genotypes. The SAP values of the alignment of F-actin and Collagen IV 
filaments in fat2∆TMICR-GFP expressing egg chambers do not differ from 
values of fat258D mutants, whereas expression of fat2∆ICR-GFP partially 
restored wild type values (Figure 19Q). 
I conclude that the intracellular part is only to some extent required for the 
alignment of F-actin fibers and Collagen IV fibrils in stage 6. However, in 
many cases an arrangement perpendicular to the AP axis is established, 
which leads to the conclusion that in these egg chambers the set-up of planar 
polarity could be simply delayed and that the intracellular region is required for 




Figure 19. Expression of fat2∆ICR-GFP does not fully rescue F-actin fiber and 
Collagen IV fibril alignment in fat258D mutant flies at stage 6. 
(A-H) Representative images of stage 6 egg chambers for the indicated genotypes 
where F-actin is labeled with Phalloidin-Rhodamine and Collagen IV is stained by 
Viking-GFP. Arrow heads indicate striking Collagen IV fibrils. Scale bars: 10µm 
(I-P) Frequencies of F-actin filament orientation and of Collagen IV fibril orientation in 
5˚ intervals where 0˚/180˚ means an orientation parallel to the AP axis (n=5 egg 
chambers, error bars represent ±SEM) 
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(Q) Quantification of the Alignment parameter SAP for F-actin fiber alignment (left) 
and Viking-GFP fibrils (right) for the indicated genotypes. Comparing SAP values of F-
actin and Collagen IV at stage 6: for fat258D with fat2-GFP expressing flies: P = 0.008; 
for fat2∆ICR-GFP with fat2-GFP expressing flies: P > 1 (Wilcoxon-test). n.s. = not 
significant; error bars represent ±SEM (modified after Aurich and Dahmann, 2016) 
 
 
The developmental stages 6 to 8 are the stages where the egg chamber 
starts to elongate and to stabilize the planar polarity properties of F-actin 
fibers, microtubules and ECM fibrils (Gutzeit, 1990; Haigo and Bilder, 2011). 
Alignment of F-actin filaments was documented being set up even earlier to 
stage 5 egg chambers (Cetera et al., 2014). To test whether the intracellular 
region of Fat2 is required for polarity establishment prior to stage 6, I analyzed 
F-actin filaments in stage 5 egg chambers. In fat258D mutant egg chambers F-
actin is not globally aligned (Figure 20A). In contrast, expression of the full-
length fat2-GFP construct rescued this mutant dispersed alignment of F-actin 
fibers, as they tended to orient perpendicular to the AP axis in each cell 
(Figure 20B). Interestingly, the expression of fat2∆ICR-GFP in the fat258D 
mutant background did not rescue a global alignment of F-actin fibers (Figure 
20C). Together with the partially similar defects of F-actin alignment in stage 
6, these results implicate that egg chambers with this genotype have general 
problems in establishing planar polarity of the actin cytoskeleton in earlier 
stages of egg chamber development. Thus, we conclude that the intracellular 
region of Fat2 is required for the F-actin alignment prior to stage 6, when 
planar polarity is already set up in the follicle epithelium. In summary, these 
results show that the establishment of an alignment of F-actin and ECM 
filaments up to stage 6 of egg chamber development is of no relevance for 





Figure 20. The alignment of F-actin fibers in fat258D mutant egg chambers could 
not be rescued by expression of fat2∆ICR-GFP in stage 5. 
Confocal microscope images of the basal site of follicle cells after Phalloidin-
Rhodamine staining on egg chambers of indicated genotypes at stage 5. 
Scale bars: 10µm (modified after Aurich and Dahmann, 2016) 
 
 
8.3.5 The intracellular region of Fat2 is required for late F-actin and 
Collagen IV fibril alignment 
The highest alignment of F-actin filaments and ECM fibrils perpendicular to 
the AP axis is achieved during later stages of egg chamber development  
(Haigo and Bilder, 2011; Viktorinova et al., 2009). 
To test whether the intracellular region is responsible for a proper 
establishment of the F-actin and ECM fibrils at stage 8, I analyzed the 
alignment of these structures during this developmental time point. F-actin 
filaments as well as Collagen IV fibrils in follicle cells of fat258D mutant egg 
chambers showed a random and swirl-like arrangement indicating that there 
is still a loss of global orientation in that tissue (Figure 21A and E; previously 
published in Gutzeit et al., 1991; Haigo and Bilder, 2011; Viktorinova et al., 
2009). The analyzed angle distributions underline these results, while 
frequencies of the orientation of fibers are rather random for all angles 
(Figure 21I and M). This phenotype was completely rescued by expressing 
the full-length gene fat2-GFP as the basal F-actin cytoskeleton as well as 
Collagen IV fibrils were now well-aligned 90˚ relative to the AP axis all over 
the epithelium (Figure 21B and F, arrow heads indicate long ECM fibrils; 
previously published in Haigo and Bilder, 2011; Viktorinova et al., 2009). Most 
of the detected filaments showed an angle nearly exclusively oriented 90˚ to 
the AP axis (Figure 21J and N). Expression of fat2∆TMICR-GFP in the fat258D 
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mutant background could not rescue the mutant phenotype of the dispersed 
filament orientations, while still both F-actin and ECM filaments built swirl-like 
structures but do not align properly (Figure 21C, G). The loss of F-actin and 
Collagen IV alignment becomes not only evident in the microscope images, 
but is also represented by the random angle frequency after quantifications 
(Figure 21K, O). Mutant egg chambers expressing the Fat2 version lacking 
only the intracellular region fat2∆ICR-GFP finally rescues the F-actin alignment 
of fat258D mutants comparable to wild type egg chambers in that stage 
(Figure 21D). The F-actin angle quantifications showed a clear peak at 90˚ 
relative to the AP axis (Figure 21L). Interestingly, the ECM of these egg 
chambers looks different compared to the wild type situation. Here, Collagen 
IV fibrils are shorter and thinner (Figure 21H, note arrow heads indicating 
aberrant fibrils). However, although the morphology is changed, these short 
fibrils still orient into the direction parallel to F-actin filaments, which was 
evident from the confocal images, but also after quantification of angle 
distribution that showed the same distribution as in wild type egg chambers 
(Figure 21P). Finally, the highly elevated SAP values quantified for all 
genotypes and for both F-actin and ECM stainings showed clearly that the 
regularly aligned molecular corset perpendicular to the AP axis is fully 
rescued in fat2∆ICR-GFP but not in fat2∆TMICR-GFP expressing egg chambers 
(Figure 21Q). SAP values for tissue-wide stage 8 F-actin alignment for both 
genotypes reached 0.8, whereas the values for Collagen IV fibril alignment 
are only slightly decreased from 0.5 in wild type egg chambers to 0.4 in 
fat2∆ICR-GFP expressing fat258D mutants. fat258D mutants and fat2∆TMICR-GFP 
expressing egg chambers  in contrast had  SAP values close to ‘0’, indicating a 
random molecular alignment. 
We conclude that the intracellular region is dispensable for F-actin and 
Collagen IV alignment in the later stage 8 of egg chamber development. 
Restored molecular corset alignment in fat2∆ICR-GFP expressing fat258D 
mutants at this stage again correlates with the full restoration of egg chamber 
elongation, indicating that planar polarity of F-actin filaments and ECM fibrils 
is required for egg chamber elongation and that this alignment is independent 





Figure 21. The intracellular region of Fat2 is not required for F-actin and ECM 
fibril alignment in stage 8 egg chambers. 
(A-H) Representative images of stage 8 egg chambers for the indicated genotypes 
where F-actin is labeled with Phalloidin-Rhodamine and Collagen IV is stained by 
Viking-GFP. Arrow heads indicate striking Collagen IV fibrils. Scale bars: 10µm 
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(I-P) Frequencies of F-actin filament orientation and of Collagen IV fibril orientation in 
5˚ intervals where 0˚/180˚ means an orientation parallel to the AP axis (n=5 egg 
chambers, error bars represent ±SEM) 
(Q) Quantification of the Alignment parameter SAP for F-actin fiber alignment (left) 
and Viking-GFP fibrils (right) for the indicated genotypes. Comparing SAP values of F-
actin and Collagen IV alignment at stage 8: for fat258D with fat2-GFP expressing flies: 
P < 0.008; for fat2∆ICR-GFP with fat2-GFP expressing flies: P > 0.1; n.s. = not 
significant; error bars represent ±SEM (modified after Aurich and Dahmann, 2016) 
 
 
8.3.6  F-actin filaments and ECM fibrils co-align in fat258D mutant  
stage 8 egg chambers 
F-actin fibers and Collagen IV fibrils are often defined together as a molecular 
corset contributing to egg chamber elongation, which already implicates a 
connection between these two molecular layers. I have shown above that 
whenever F-actin alignment was abolished, also ECM fibrils lose their 
alignment. Especially in fat258D mutants co-alignment of F-actin and Collagen 
IV fibrils in stage 8 was visible, since the global alignment of these structures 
relative to the AP axes was altered (Figure 22A and E). This direct 
correlation of orientation has not been described before and raised the 
question, whether this observation can be reproduced from cell to cell and 
from genotype to genotype.  
I therefore observed their alignments based on microscope images and 
visually compared the directions of fibers. The alignment of F-actin fibers and 
Collagen IV fibers in fat258D mutants expressing fat2-GFP or fat2∆ICR-GFP 
respectively, do not show any irregularities that could be used to track 
interconnections at cellular levels as they consistently arrange parallel 
throughout the whole tissue (Figure 22D-F and J-L). However, there is a 
strong correlation between the directions of cellular F-actin fibers and the 
Collagen IV bundles directly underlying these cells visible in both fat258D 
mutant as well as fat2∆TMICR-GFP expressing fat258D mutant egg chambers 
(Figure 22A-C and G-H). These findings indicate that at stage 8 there is local 
communication between F-actin and Collagen IV leading to a constant co-






Figure 22. F-actin filament and Collagen IV fibril orientations correlate in stage 
8 egg chambers.  
Representative confocal images of Viking-GFP expressing flies for the indicated 
genotypes. Phalloidin-Rhodamine labels F-actin filaments (A,D,G,J) and Viking-GFP 
represents Collagen IV fibrils (B,E,H,K). Scale bars: 10 µm 
(C,F,I,L) Overlay of manually drawn lines representing the indicated filaments to 






8.3.7 F-actin filaments and ECM fibrils do not co-align in fat258D mutant  
stage 10 egg chambers 
From stage 6 to stage 8 in egg chamber development F-actin filaments and 
ECM fibrils exhibit a highly ordered arrangement circumferentially around the 
egg chamber. F-actin alignment is mainly reorganized from stage 9 onwards 
whereas ECM polarization remains until stage 12 (Haigo and Bilder, 2011). 
This implements F-actin and Collagen IV need to be uncoupled from each 
other from stage 9 onwards. To test whether this is the case, I observed F-
actin stainings and Viking-GFP labeling in flies expressing the different 
versions of Fat2 in the fat258D mutant background that featured different fiber 
alignments during stages 6 and 8 that allows us to see correlations in fiber 
orientations. As signals for F-actin filament staining showed a reproducible 
pattern in the center of the egg chamber, this part was chosen to compare F-
actin filament and Collagen IV fibril co-alignment. Stage 10 egg chambers of 
fat258D mutants tend to arrange F-actin fibers parallel and almost 
perpendicular to the AP axis in a belt of follicle cells located in the center of 
the egg chamber (Figure 23A, B), whereas small bundles of Collagen IV 
fibrils still are randomly dispersed over the whole tissue (Figure 23A’, B’). 
Manually drawn lines corresponding to fiber angles allow a visual comparison 
between the arrangements of the two molecular structures. These lines 
clearly did not show directional similarities (Figure 23C). fat258D mutants that 
express the full-length fat2-GFP construct align F-actin filaments strictly 
perpendicular to the AP axis in the very central belt of follicle cells, while the 
alignment posterior to that belt was slightly disrupted (Figures 23D,E). 
Collagen IV fibrils aligned perpendicular to the AP axis (Figures 23D’,E’). 
Here, co-alignment was hard to detect as drawn lines corresponding to the 
microscope images point almost in the same directions (Figure 23F). 
Expression of the fat2∆TMICR-GFP construct in the mutant background result in 
a strict F-actin alignment in the center of the egg chambers epithelium 
(Figures 23G,H), but Collagen IV alignment was rather parallel to the AP axis 
(Figures 23G’,H’). Comparable to fat258D mutant stage 10 egg chambers, the 
alignments of F-actin and Collagen IV did not co-align, visible in non-matching 
red and black lines in the drawn scheme (Figure 23I). F-actin filaments are 
oriented circumferentially as a belt at the center of fat2∆ICR-GFP expressing 
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stage 10 egg chambers, whereas follicle cells that are more posteriorly lose 
that orientation (Figures 23J,K). Collagen IV fibrils instead remain 
perpendicular to the AP axis (Figures 23J’,K’), which became evident in 
manually generated view of angles representing structural fibers 
(Figures 23L). 
I conclude that egg chambers of stage 10 still align F-actin and Collagen IV 
fibrils, but that these molecular arrangements in contrast to egg chambers of 
stage 8, are independently from each other. 
 
 
Figure 23. F-actin filament and Collagen IV fibril orientations do not correlate in 
stage 10 egg chambers. 
(A,D,G,J) Basal view of stage 10 egg chambers for the indicated genotypes after F-
actin staining by Rhodamine-Phalloidin. (A’,D’,G’,J’) Images correspond to the egg 
chambers from (A,D,G,J) showing Viking-GFP staining. Scale bars: 50 µm 
(B,E,H,K) represent magnifications of the squares in (A,D,G,J). (B’,E’,H’,K’) represent 
magnifications of the squares in (A’,D’,G’,J’). Scale bars: 10 µm 
(C,F,I,L) Overlay of manually drawn lines representing the indicated filaments to 





8.3.8 The stability of basal F-actin fibers and Collagen IV fibrils 
mutually depend on each other at stage 8 
The previous finding about the co-alignment between basal cellular F-actin 
filaments and extracellular Collagen IV fibrils at stage 8 indicates a tight and 
local connection between these structures. This raises the question whether 
the orientation of basally aligned F-actin filaments dependent on the 
basement membrane that underlies the follicle cells, or whether the basement 
membrane requires the basal cytoskeleton to establish its polarity. To test 
this, I analyzed direct effects of abolishing one of the two components by drug 
treatment at stage 8 of egg chamber development, when both layers exhibit 
the highest planar polarity. To test whether the stability, morphology and 
orientation of ECM fibrils depend on intracellular basal F-actin cytoskeleton, 
egg chambers were treated with 1µM Latrunculin A for 10 minutes, a drug 
blocking polymerization of F-actin filaments and thereby reduces F-actin 
levels in the cell. As the main component of the ECM is Collagen IV, after F-
actin depletion, expression of Viking-GFP was used to analyze the effects in 
the ECM in wild type egg chambers. Latrunculin A treatment caused a 
reduction of basal F-actin fibers in the follicle cells (Figure 24A and B). 
However, Latrunculin A treatment did not alter the number nor morphology of 
ECM fibrils as these fibrils still point perpendicular to the AP axis of egg 
chambers (Figure 24C and D). 
To test whether F-actin filaments depend on ECM components depletion of 
Collagen IV fibrils was induced by treating egg chambers with 1U 
Collagenase for 10 minutes. At control conditions F-actin staining showed 
filaments spanning the whole follicle cells and orient into the same direction 
as Collagen IV fibrils (Figure 24E and F). A depletion of Collagen IV fibrils by 
Collagenase treatment, the F-actin cytoskeleton still provided basal filaments 
comparable to wild type follicle cells oriented perpendicular to the AP axis, 
while Collagen IV fibrils were completely abolished (Figure 24G with H).  
In conclusion the orientation of F-actin filaments is independent of Collagen IV 
fibrils. Vice versa, Collagen IV fibrils do not require basal F-actin filaments to 




Figure 24. F-actin cytoskeleton and ECM fibrils exhibit structural dependency. 
Confocal images of the basal site of the follicle epithelium after F-actin depletion by 
Latrunculin A treatment (A-D) and after ECM depletion by Collagenase treatment (E-
H), controls are to the left. F-actin is stained with Rhodamine-Phalloidin, Viking-GFP 
represents Collagen IV. Fractions of the imaged egg chambers are the same for 




8.3.9 The contractile pulses of F-actin in stage 9 egg chambers are 
independent of the intracellular region of Fat2 
During stage 9 of egg chamber development follicle cells close to the anterior 
border of the oocyte undergo cyclic contractions of the basal actin-myosin 
network resulting in constant increase and decrease of the F-actin signals in 
the center of epithelial cells (He et al., 2010). Previously the thereby 
established mechanical forces in the follicle epithelium have been proposed to 
contribute to egg chamber elongation (He et al., 2010). However, it has never 
been shown whether the atypical cadherin Fat2 is required for these basal 
contractions. To test this, stage 9 oscillations were observed during live 
imaging of egg chambers. Therefore F-actin was labeled by GFP-tagged 
utABD, the Utrophin actin-binding protein that was under the control of a 
promoter driving the expression of spaghetti squash (sqh), a regulatory light 
chain of myosin II. fat258D mutant follicle cells of stage 9 egg chambers 
showed pulsatile utABD-GFP signals (Figures 25A and A’) with the average 
length of F-actin contraction periods of about 10 min (Figures 25D and G). 
Follicles that express fat2-GFP in the mutant background showed pulsations, 
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which in turn were faster with an average oscillation period of around 7 min, 
similar to what has been reported previously (Figures 25B, B’, E and H; (He 
et al., 2010). These periods were more regular and alternating intensities of 
utABD-GFP fractions revealed higher amplitudes (Figure 25E). These results 
are comparable to the oscillations in published wild type egg chambers. 
Expression of fat2∆ICR-GFP in the fat258D mutant background restored F-actin 
pulsations with a period comparable to wild type egg chambers, yet utABD-
GFP intensities often did not show equal amplitudes (Figure 25C, C’, E and 
H).  
I conclude from these findings that Fat2 is required for F-actin oscillations with 
a proper frequency. However, normal oscillation periods are independent of 




Figure 25. Pulsatile contractions at stage 9 egg chambers do not require the 
intracellular region of Fat2. 
(A-C’) Live imaging of follicle cells of the indicated genotypes in 3 min intervals, 
where cell outlines were stained with FM4-64 and F-actin was labeled by utABD-
GFP, expressed under control of the sqh-promoter. Scale bars: 10 µm 
(D-F) Quantification of utABD-GFP intensity deviation relative to imaging time. 
(G-I) Quantification of the frequencies of F-actin oscillation periods. 





8.3.10 The intracellular region of Fat2 is required for proper egg 
chamber rotation in the early developmental stages 
To date no mutation has been identified that allows to uncouple basal 
circumferential F-actin filaments, microtubules, ECM fibrils, and planar polarity 
of Fat2 and egg chamber rotation from the process of egg chamber 
elongation. This has led to the conclusion all of these processes being 
required for each other. My previous findings by generating the constructs 
fat2∆ICR-GFP and fat2∆TMICR-GFP could neither uncouple late F-actin and ECM 
alignment from egg chamber elongation. The current model of egg chamber 
elongation suggests egg chambers to early break symmetry in order to 
undergo a circumferential whole-tissue rotation around the AP axis (Cetera et 
al., 2014; Haigo and Bilder, 2011). This movement is thought to align F-actin 
filaments and ECM fibrils in the very same direction. The thereby stabilized 
‘molecular corset’ of F-actin and ECM was then thought to contribute to egg 
chamber elongation. Recently rotation was found to occur quite early in 
oogenesis. Egg chambers rotate from stage 2-3 onwards but exhibit a rather 
slow velocity compared to later stages. However this early but slow rotation is 
required for the early F-actin alignment (Cetera et al., 2014). 
To test whether the intracellular region of Fat2 is required for early egg 
chamber rotation I analyzed this collective cell movement by live imaging of 
egg chambers. Egg chambers were dissected and released from the muscle 
sheet that surrounds each ovariole. They were transferred into a nutrient-rich 
medium and were observed for over 40 min in ex vivo. As it has been shown 
previously that fat258D mutant egg chambers of stage 3-4 did not rotate 
(Figure 26A-A’’; Cetera et al., 2014). Quantifications of several egg 
chambers showed a velocity of 0.042 µm/min (±0.007). In contrast, fat2-GFP 
expressing fat258D mutant egg chambers rotate (Figure 26B-B’’). They 
exhibited an average velocity of egg chamber rotation of about 0.15 µm/min 
(±0.017) comparable with published velocities of stage 3-4 egg chambers 
(Figure 26E; Cetera et al., 2014). Expressing fat2∆TMICR-GFP in fat258D mutant 
egg chambers, however, does not restore egg chamber rotation (Figure 26C-
C’’). Here, the average velocity of 0.05 µm/min (±0.009) was comparable with 
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mutant egg chambers (Figure 26E). Interestingly, fat258D egg chambers 
expressing fat2∆ICR-GFP did neither rotate (Figure 26D-D’’). These egg 
chambers showed a velocity of 0.037 µm/min (±0.01), which is again 
comparable with mutant egg chambers (Figure 26E). These results show that 
the intracellular region of Fat2 is required to drive egg chamber rotation in 
early stages of egg chamber development. Consistent with the findings that 
early rotation is required to establish early F-actin alignment (Cetera et al., 
2014), my results demonstrate that neither this early alignment nor early egg 
chamber rotation is required for proper egg chamber elongation. Taken 
together with my findings that the intracellular region of Fat2 is dispensable for 
egg chamber elongation, these data show that early F-actin alignment and 






Figure 26. Early egg chamber rotation depends on the presence of the 
intracellular region of Fat2. 
(A-D’’) Confocal images before and after 20 min live imaging of stage 3-4 egg 
chambers of the indicated genotypes. Right panels show the respective merge of 
images at time point 0 min (red) and 20 min (green). Cell outlines were stained with 
FM4-64. 
Scale bars: 10µm 
(E) Quantification of egg chamber rotation velocities for the indicated genotypes. For 
fat258D n=6, fat2-GFP; fat258D n=9, fat2∆TMICR-GFP; fat258D n=8 and fat2∆ICR-GFP; 
fat258D n=8 egg chambers were analyzed. Comparing fat2∆ICR-GFP and fat258D 
velocities P=0.6; comparing fat2∆ICR-GFP and fat2-GFP velocities P<0.001 (Student t-
test); n.s. = not significant; error bars represent ±SEM 
 
 
8.3.11 The intracellular region of Fat2 is required for proper egg 
chamber rotation in later developmental stages 
During egg chamber development between stages 6 to 8 egg chambers 
undergo a rotational movement that, first, increases in velocity and, second, 
coincides with an increase in planar polarity of F-actin filaments and ECM 
fibrils (Haigo and Bilder, 2011). The rotational movement was thought to be a 
requirement to stabilize the alignment of the molecular corset over time, which 
in turn contributes to egg chamber elongation by restricting growth to the AP 
axis (Cetera et al., 2014; Isabella and Horne-Badovinac, 2016). This rotation 
is stalled in fat258D mutants and produce round eggs (Viktorinova et al., 2009). 
To test, whether the intracellular region of Fat2 in required for that accelerated 
egg chamber rotation in later stages, egg chambers were dissected and 
released from their muscle sheets and were cultured in a nutrient-rich medium 
in order to observe follicle cell migration ex vivo within 10 min by live imaging. 
fat258D mutant egg chambers did not display any tissue movement after 10 
min of culturing (Figure 27A-A’’). In contrast, expression of the full-length 
fat2-GFP construct results in a continuous rotation of the follicle cells 
perpendicular to the AP axis with a velocity of 0.44 µm/min (±0.05) (Figure 
27B-B’’, E). This rate of follicle rotation is consistent with published data for 
wild type egg chambers (Viktorinova et al., 2009). For fat258D mutant follicles 
that express the fat2∆TMICR-GFP construct, no egg chamber rotation was 
observed as follicle cells only move in a velocity of 0.06 µm/min (±0.02) that is 
similar to the speed values of fat258D mutants (Figure 27C-C’’, E). 
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Interestingly, when fat2∆ICR-GFP is expressed in the fat258D mutant 
background, there is also no egg chamber rotation detectable (Figure 27D-
D’’). Here follicle cells move in a velocity that is again highly reduced to about 
0.07 µm/min (±0.006), which is a velocity indistinguishable from fat258D mutant 
egg chambers (Figure 27E). 
We conclude that the intracellular region of Fat2 is required for the 
accelerated egg chamber rotation in stage 8. Most interestingly, taken this 
together with the finding that the intracellular region is not required for ECM 
and F-actin alignment in stage 8 clearly indicates that the molecular corset 
does not need egg chamber rotation to be established. Considering the 
finding that egg chambers, which do not express the intracellular region of 
Fat2 normally elongate, while they do not undergo egg chamber rotation, 
leads us to the most intriguing conclusion of my thesis: egg chamber 
elongation is independent from egg chamber rotation. These experiments for 





Figure 27. Late egg chamber rotation depends on the presence of the 
intracellular region of Fat2. 
(A-D’’) Confocal images before and after 10 min live imaging of stage 8 egg 
chambers of the indicated genotypes. Right panels show the respective merge of 
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images at time point 0 min (red) and 10 min (green). Cell outlines were stained with 
FM4-64. 
Scale bars: 10µm 
(E) Quantification of egg chamber rotation velocities for the indicated genotypes. For 
fat258D n=9, fat2-GFP; fat258D n=14, fat2∆TMICR-GFP; fat258D n=8 and fat2∆ICR-GFP; 
fat258D n=16 egg chambers were analyzed. Comparing fat2∆ICR-GFP and fat258D 
velocities P=0.07; comparing fat2∆ICR-GFP and fat2-GFP velocities P<0.001 (Student 
t-test); n.s. = not significant; error bars represent ±SEM 






Tissue elongation is an important process during animal development. Egg 
chamber elongation in Drosophila is accompanied by global F-actin 
alignment, microtubule and ECM fibril alignment, and global egg chamber 
rotation – numerous processes that all require the atypical cadherin Fat2. In 
my thesis I performed a structure-function analysis of Fat2 that allowed me to 
dissect the requirement of these processes during egg chamber elongation. 
This analysis of Fat2 revealed that the transmembrane domain and the 
intracellular region together are required for the polarized localization of Fat2 
on the plasma membrane, for F-actin filament, microtubule and ECM fibril 
alignment, as well as for egg chamber rotation and egg chamber elongation. 
The intracellular region of Fat2 is required only for planar polarity of the Fat2 
protein, for microtubule orientation, and for egg chamber rotation. Most 
intriguingly, I found that in turn, the intracellular region is not required for egg 
chamber elongation and later global F-actin and ECM fibril alignment at stage 
8. In contrast to the previously held view that egg chamber rotation is a key 
process for egg chamber elongation (Cetera et al., 2014; Chen et al., 2016; 
Haigo and Bilder, 2011; Isabella and Horne-Badovinac, 2016), my findings 












9.1 Egg chamber elongation can be uncoupled from egg 
chamber rotation  
My results of the structure-function analysis of Fat2 revealed that egg 
chambers are able to elongate without egg chamber rotation. This is in 
contrast to the model, which was proposed recently by Haigo and Bilder 
(2011) and Cetera et al. (2014). The model claims that egg chambers that are 
just released from the germarium undergo a symmetry-breaking event (Chen 
et al., 2016). Thereby polarized microtubules are circumferentially aligned, 
which is a Fat2-dependent process (Chen et al., 2016). Once, symmetry is 
broken, cell protrusions are formed and promote egg chamber rotation in a 
direction according to the orientation of microtubules (Cetera et al., 2014; 
Chen et al., 2016). Subsequently, as rotation promotes a directional global 
cue, basal F-actin stress fibers are aligned perpendicular to the AP axis of the 
egg chambers (Cetera et al., 2014). This alignment is then stabilized as egg 
chamber rotation speeds up (Haigo and Bilder, 2011). In the meantime, the 
follicle cells produce and laterally release ECM material (Lerner et al., 2013). 
As the egg chamber rotates the recently released ECM material will form 
fibrils along the rotational axis (Isabella and Horne-Badovinac, 2016). Thereby 
the ECM gets polarized and together with F-actin filaments establishes the 
molecular corset that restricts egg chamber growth towards the AP axis 
(Cetera et al., 2014; Haigo and Bilder, 2011). 
In contrast to that model, my findings demonstrate that egg chamber 
elongation does not require egg chamber rotation. Consistently, fat258D 
mutant egg chambers do not rotate but normally elongate up to 1.5 fold by 
reaching stage 7 (Haigo and Bilder, 2011; Viktorinova et al., 2009; this thesis). 
Later rotation was proposed to be dispensable for F-actin alignment, once 
these structures are polarized (Cetera et al., 2014), but it was still thought to 
be required to polarize ECM fibrils which imparts forces to elongate the egg 
chamber (Isabella and Horne-Badovinac, 2016). My findings reveal that also 
later rotation is dispensable for proper ECM alignment. 
Further, besides uncoupling of processes my findings additionally reveal 
some processes still correlating with each other that are consistent with 
published data. My results reveal that the intracellular region of Fat2 is 
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required for its own planar polarization. A failure of Fat2 localization correlates 
with proper microtubule alignment and stalls egg chamber rotation. It has 
been published previously that microtubule alignment is abolished in fat258D 
mutant egg chambers (Viktorinova and Dahmann, 2013). Vice versa, Fat2 
fails to establish a planar polarized localization when microtubules are 
depleted (Viktorinova and Dahmann, 2013). These findings led to the 
suggestion that Fat2 planar polarization and microtubule alignment depend on 
each other and are established by a positive feedback mechanism 
(Viktorinova and Dahmann, 2013). Between stages 6 and 8, when Fat2 is 
planar polarized, it localizes at cell edges where microtubule (+)-ends point to 
(Viktorinova and Dahmann, 2013). This leads to the suggestion that Fat2 
protein transport could be directed by using microtubules as polarized trails. 
This idea is consistent with the finding that the planar polarized localization of 
the core PCP protein Frizzled and the atypical cadherin Flamingo similarly 
depend on oriented microtubules to maintain planar polarity in the wing disc 
(Shimada et al., 2006). 
My results show that the loss of microtubule orientation correlates with the 
loss of egg chamber rotation, which is consistent with the literature (Chen et 
al., 2016; Viktorinova and Dahmann, 2013). Interestingly, the direction of (+)-
ends of microtubules always corresponds to the trailing edge of egg chamber 
rotation (Viktorinova and Dahmann, 2013). It has been shown that 
microtubules already harbor a polarity from stage 1 onwards and that 
depletion of microtubules in early stages stops rotation (Chen et al., 2016). 
These early microtubules are thought to be a directional trigger to form 
polarized protrusions towards the leading edge to start egg chamber rotation 
(Chen et al., 2016). As the dynamic (+)-ends of microtubules point towards 
the trailing edge, while protrusions are formed at the leading edge (Cetera et 
al., 2014), it might be involved in transport of proteins that represses 
protrusions and their attachment to the ECM at these cell sites. This 
mechanism has been described in tumor cells (Wang et al., 2011). 
Given that early microtubule directionality is Fat2-dependent, albeit Fat2 
localizes at cell vertices at these early stages (Chen et al., 2016), my findings 
reveal evidence that the intracellular region of Fat2 is required for early 
turning-on of rotation via the alignment of microtubules. How the intracellular 
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region of Fat2 and microtubules are interconnected in these stages remains 
unknown and requires further analysis. 
My results show that the intracellular region of Fat2 is required for tissue 
rotation. The only motifs that have been identified in the intracellular region of 
Fat2 are three WRC interacting receptor sequence (WIRS) motifs (Chen et 
al., 2014; Squarr et al., 2016). This motif is bound by the WAVE regulatory 
complex (WRC), which is a heteropentameric complex that regulates actin 
assembly (Takenawa and Suetsugu, 2007; Vartiainen and Machesky, 2004). 
The WCR interacts with Enabled in Drosophila, an actin-binding protein (Chen 
et al., 2014). The WRC and Enabled are known to activate the F-actin 
nucleator Arp2/3 which is required for filopodia formation (Gardel et al., 2010; 
Mattila and Lappalainen, 2008). In the follicle epithelium WRC components 
and Enabled localize to the tip of small protrusions as well as to the tip of 
larger, whip-like protrusions that are positioned at cell vertices (Cetera et al., 
2014; Squarr et al., 2016). By activating the Arp2/3 complex the formation of 
these small and large protrusions is promoted, which subsequently turns on 
egg chamber rotation (Cetera et al., 2014; Chen et al., 2014). Interestingly, 
depleting WRC components at stage 8 blocks protrusion formation and egg 
chamber rotation (Cetera et al., 2014). However, F-actin stress fiber alignment 
remains at that stage and egg chambers elongate properly, showing the 
presence of WRC components as well as protrusion formation and rotation 
only being required in early stages (Cetera et al., 2014). The Fat2 intracellular 
region was shown to bind to the Arp2/3-activating WRC complex in vitro by its 
three WIRS motifs (Squarr et al., 2016). Interestingly, these autors also 
documented that Fat2 localizes at the cell vertices and at the tips of whip-like 
protrusions in vivo (Squarr et al., 2016). The presence of these whip-like 
protrusions additionally correlates with egg chamber rotation and depends on 
an intact WRC complex (Squarr et al., 2016). This leads to the suggestion that 
the WIRS motifs of the intracellular region of Fat2 interact with the WRC 
complex to promote the formation of whip-like protrusions. This data is 
consistent with my finding that the intracellular region Fat2 is required to 
promote egg chamber rotation, as these whip-like protrusions might be the 
most powerful migration force in the follicle epithelium. The mammalian 
orthologue Fat1 similarly localizes at the more basal portion of kidney cells 
DISCUSSION 
 107 
while localizing at filopodial and lamellipodial tips concominant with dynamic 
actin-binding proteins indicating that Drosophila Fat2 and mammalian Fat1 
share similar functions (Tanoue and Takeichi, 2004). To test this hypothesis, 
protrusions need to be analyzed in vivo in Fat2∆ICR-GFP expressing fat258D 
mutant egg chambers that are not rotating to see, whether the formation of 
these structures is altered. 
Circumferential tissue rotation was documented for insect development but 
also for some in vitro experiments with vertebrate cell aggregates (Fux et al., 
1978; Tanner et al., 2012; Wang et al., 2013). This movement was considered 
to be a special case for collective tissue migration as these tissues undergo 
several rounds of rotation without taking up a certain position. Tissue rotation 
is still a fascinating process that is hard to believe to be a side effect without 
any function, lastly because it must be an energy-consuming process for the 
whole tissue. Notably, my findings revealed that 100% of the non-rotating egg 
chambers do normally elongate and the offspring is viable and fertile, 
however, only 67% of the oviposition rate was achieved compared to rotating 
wild type egg chambers. Hence, although the role of the circumferential 
collective tissue migration becomes now elusive for egg chamber elongation, 
the developmental function of egg chamber rotation could be to simply speed 
up egg chamber production. One reason could be that rotating egg chambers 
slide easier through the surrounding and contracting muscle sheath. 
 
9.2 Egg chamber elongation correlates with a functional 
molecular corset  
The intracellular region of Fat2 is dispensable for egg chamber elongation and 
the establishment of the circumferential alignment of F-actin filaments and 
Collagen IV fibrils at stage 8. Hence, egg chamber elongation and 
establishment of filament polarization still correlate with each other. This is 
consistent with the idea that a molecular corset of F-actin and ECM fibrils 
promotes egg chamber elongation (Bateman et al., 2001; Cetera et al., 2014; 
Conder et al., 2007; Frydman and Spradling, 2001; Gutzeit, 1990; Haigo and 
Bilder, 2011; Horne-Badovinac et al., 2012). However, Fat2 polarity-driven 
egg chamber rotation was previously thought to be required to align ECM 
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fibrils that in turn transmit their directionality towards the follicle epithelium to 
stabilize the alignment of basal F-actin filaments (Cetera et al., 2014; Haigo 
and Bilder, 2011; Isabella and Horne-Badovinac, 2016). The fact that the 
intracellular region of Fat2 and egg chamber rotation are not required for ECM 
fibril and F-actin filament alignment indicates the existence of a mechanism 
independent from egg chamber rotation that aligns these structures. Here, the 
extracellular region of Fat2 is seemingly involved. 
Fat2 and the alignment of F-actin filaments and ECM fibrils are not required 
for normal elongation until stage 7 as evident in fat258D mutants (Haigo and 
Bilder, 2011; Viktorinova et al., 2009; this thesis). At stage 7 the AP axis is 
already 1.5 fold longer than the DV axis of the egg chamber. The underlying 
mechanisms for early elongation are unknown. Further stages seemingly 
require the molecular corset to resist the prevailing radial growth of the 
germline cells. At these stages secreted ECM material may create a fibril 
network that provides an external force even without aligned fibrils. Cells are 
response to sense the stiffness of the extracellular substrate and as a respons 
they produce stress fibers (Walcott and Sun, 2010). Since the 
circumferentially secreted ECM could implement an anisotropic stress, 
subsequently follicle cells respond by circumferentially polarized F-actin stress 
fibers, a process where the extracellular region of Fat2 could be involved. 
These stress fibers are likely to communicate with the ECM via integrins at 
focal adhesions, a molecular communication that was already suggested 
(Bateman et al., 2001; Delon and Brown, 2009). Hence, F-actin stress fiber 
alignment could be transmitted to the secreted ECM material in order to align 
fibrils. My results support the idea about an exchange of alignment 
information between F-actin and ECM at stage 8, as in fat258D mutants F-actin 
filaments and Collagen IV fibrils, although not oriented perpendicular to the 
AP axis of the egg chamber, do locally co-align. Later on this connection is 
obviously lost, as F-actin filaments reorganize, whereas ECM fibrils remain 
aligned until stage 12 (Haigo and Bilder, 2011). The ECM thereby furthers the 
existence of a functional corset after stage 8, while F-actin stress filaments 
may obtain novel functions. Later on this corset function is overtaken by the 
production of the egg shell (Waring, 2000). 
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My findings also reveal that when egg chambers do not rotate, ECM fibrils are 
still aligned albeit they are shorter. Thus, the elongation of the ECM fibrils 
could be promoted by egg chamber rotation, as it has been proposed 
(Isabella and Horne-Badovinac, 2016), albeit short ECM fibrils are enough to 
provide a functional molecular corset together with basal F-actin filaments. 
However, the mechanisms by which the molecular corset is established need 
further investigations. 
A functional molecular corset surrounding the egg chamber is supposed to 
provide anisotropic forces and thereby mechanically restricts isotropic growth. 
This circumferential force of an ECM in animal cells is comparable with the 
mechanics that are provided by the cell wall of primary plant cells. Here, 
similarly cellulose microfibrills orient perpendicular to the direction of growth of 
the plant cell. Continuous deposition of cellulose fibrils together with locally 
regulated stiffening of the fibrils increases anisotropic strain towards the 
growing cell (reviewed in Bidhendi and Geitmann, 2016). 
 
9.3 Fat2 promotes egg chamber elongation by its extracellular 
region 
fat258D mutant egg chambers do elongate when they express a variant of Fat2 
that misses the intracellular region. Hence, the remaining part of this 
truncated Fat2, which is composed of the transmembrane domain and the 
extracellular region, is involved in egg chamber elongation. The huge 
extracellular domain composed of about 4000 amino acids carries 34 
cadherin repeats, six EGF-like repeats and one laminin-G domain, 
characteristic structure properties of atypical cadherins (Castillejo-Lopez et 
al., 2004). 
Comparable to my structure-function analysis of Fat2, Zhao (2013) did similar 
experiments with the tumor suppressor gene fat that encodes for Fat, a 
atypical cadherin necessary to prevent larval disc overgrowth and playing a 
key role in establishing PCP in the developing wing, eye and leg in Drosophila 
(Ma et al., 2003; Simon, 2004; Yang et al., 2002; Zhao et al., 2013). Zhao 
showed that the intracellular region of Fat is responsible to prevent tissue 
overgrowth, while the extracellular region is required for PCP signaling in the 
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eye, but dispensable for PCP in the wing (Zhao et al., 2013). Although the Fat 
domains have distinct relevance dependent on the tissue, Fat is known to 
bind heterophilically to the atypical cadherin Dachsous that induces a global 
cue to orient PCP throughout the wing (Matakatsu and Blair, 2004). However, 
although Fat2 is a homologue of Fat and similarly required to establish PCP 
throughout a tissue, Fat localizes apically of epithelial cells (Ma et al., 2003) 
whereas Fat2 is planar polarized at the basal site (Viktorinova et al., 2009). 
Hence, a comparison of Fat with Fat2 regarding their functions is limited. 
Additionally, so far there was no protein documented that interacts with the 
extracellular region of Fat2. Moreover, none of the core PCP signaling 
proteins is expressed in the follicle epithelium that could play a role in PCP 
establishment here (Viktorinova et al., 2009). Hence, an extracellular binding 
partner still needs to be unraveled that cooperates with Fat2 to promote egg 
chamber elongation. Given the fact that Fat2 only localizes to one side of the 
follicle epithelial cells (Viktorinova and Dahmann, 2013), in contrast to 
classical cadherins, it is unlikely for Fat2 to establish homophilic bindings in 
trans. It has been postulated that homophilic adhesion of the mouse 
orthologue to Fat2 (mFat1) is unlikely due to its sequence and the giant 
architecture of the extracellular region (Cox et al., 2000). It has been 
documented that other cadherins are expressed during oogenesis (Zartman et 
al., 2009), however a planar polarization of these molecules has not been 
identified. Hence, so far there is no evidence that an opposite localizing 
cadherin mediates heterophilic bindings with Fat2. The transmembrane 
tyrosin phosphatase Dlar is an interesting candidate to interact with Fat2 since 
both localize at cell junctions parallel to the AP axis (Viktorinova et al., 2009). 
Additionally, mutation of Dlar was reported to result in egg chambers that 
show a similar phenotype to fat258D mutants (Bateman et al., 2001; Frydman 
and Spradling, 2001; Viktorinova et al., 2009). Dlar mutant flies equally fail to 
elongate their egg chambers. During stages 6 to 8 in Dlar mutants the basal 
F-actin filament orientation in follicle cells is not transmitted globally, but within 
each cell F-actin filaments maintain their parallel organization. In fat258D 
mutants, Dlar loses its planar-polarized localization but still localizes at the cell 
edges where F-actin filaments end (Viktorinova et al., 2009). These actin 
bundles were termed as focal adhesion and here, consistently, Dlar was 
DISCUSSION 
 111 
found to co-localize with cell-ECM connectors as integrins and Dystroglycan 
as well as several actin regulators as Enabled, the p21-activated kinase, and 
α-actinin (Bateman, 2001; Conder et al., 2007; Deng et al., 2003; Wahlstrom 
et al., 2006). Further, the Drosophila Lar was identified to dephosphorylate the 
actin-binding protein Enabled in vitro (Wills et al., 1999). These findings 
indicate that the extracellular region of Fat2 could provide an intercellular 
connection towards Dlar to ensure the planar polarization of that protein. This 
Dlar polarization in turn could localize F-actin-dependent focal adhesions. 
Although Fat2∆ICR-GFP localization is uniformly distributed at the plasma 
membrane, it might be sufficient to have restricted signaling capabilities 
towards one cell membrane by direct interaction to its ligand. However, 
whether Dlar localizes at the opposite site of Fat2 enriched cell membranes 
and whether Dlar localization is still planar polarized in Fat2∆ICR expressing 
flies remains unknown and needs to be further analyzed. 
 
9.4 Alternative mechanisms potentially drive egg chamber 
elongation 
At least two models have been proposed to ensure egg chamber elongation. 
My results show that formation of a molecular corset is still a strong candidate 
for egg chamber elongation. However, the idea of egg chamber rotation is a 
necessary requite to ensure the formation of the molecular corset is rebutted 
due to my findings. Besides these models, other mechanisms were proposed 
to contribute to tissue elongation during oogenesis. 
 
As it has been shown for zebrafish gastrulation and neurulation tissues can 
change their dimensions during growth by cell shape changes or oriented cell 
division and thereby directed proliferation (Concha and Adams, 1998). 
However this mechanism is unlikely to drive tissue elongation in the egg 
chamber, since cell divisions cease at stage 6, when the egg chamber just 
starts to elongate, and follicle cells do not change their shape but stay rather 
hexagonal throughout egg chamber development (Haigo and Bilder, 2011). 
Morphogenetic processes can also occur in the absence of cell division, as for 
instance this has been shown for germband extension (Irvine and Wieschaus, 
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1994). Here cells intercalate by direct neighbor exchange as interfaces 
between cells along the AP axis shrink due to junctional actomyosin 
contractions (Bertet et al., 2004). This leads to a decrease of the number of 
cells that arrange along the DV axis and increases the number of cells along 
the AP axis, which causes the germband to elongate (Zallen and Blankenship, 
2008). In vertebrates the conventional PCP pathway is required for 
convergent extension, while for the germband extension in Drosophila a 
actomyosin-based rearrangement of adherens junctions leads to cell-cell 
intercalation (Cavey and Lecuit, 2009; Vichas and Zallen, 2011). Similarly, 
during axis elongation in the Drosophila embryo a decrease of adhesion 
molecules leads to a disassembly of membrane interfaces between AP 
arranged cells to directly support cell-cell intercalation (Bertet et al., 2004). 
Local endocytosis is crucial for polarized removal of cadherins in that context 
(Levayer et al., 2011). None of these mechanisms have been identified to play 
a role during egg chamber elongation. It has been speculated to be unlikely to 
occur, as no axis of convergence is evident where cells could directly move at 
given that the egg chamber is a radially symmetric tissue (Bilder and Haigo, 
2012). However, how then should a tissue elongate, if cells do not change in 
number, shape and neither position? 
Intercalation of cells during axis elongation during notochord development in 
Xenopus additionally depends on planar polarized protrusions moving along 
the underlying ECM (Davidson et al., 2006; Keller et al., 1989). These 
protrusions are formed at membranes parallel to the AP axis while they point 
towards the leading edge of rotation (Cetera et al., 2014; Gutzeit et al., 1991). 
The presence of protrusions was exclusively discussed for the role during 
rotational movement of the egg chambers and how this movement promotes 
F-actin and ECM alignment. It would be interesting to test, whether these 
protrusion influence cell-cell intercalations, as they do in Xenopus 
development (Keller et al., 1989). Here migration would rather result in a 
joining of cells within a row instead of a convergent movement towards a 
common boundary as protrusions point into the same direction. 
 
The whole ovary as well as every single ovariole are enveloped by muscle 
sheaths that contract throughout egg development (Hudson et al., 2008). The 
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muscle sheath that surrounds every single ovariole later was proposed to 
have an influence on egg chamber elongation as it provides a circumferential 
alignment comparable to the basal F-actin filaments of follicle cells (Delon and 
Brown, 2009; Horne-Badovinac, 2014). Recently, it was tested whether 
constant contractions of the whole muscle sheath influence the morphology of 
egg chambers (Andersen and Horne-Badovinac, 2016). Hyper-contractile 
muscles tightly envelop the egg chambers and lead to increased egg chamber 
elongation, whereas hypo-contractility leads to a loosened muscle sheath and 
shortened egg chambers (Andersen and Horne-Badovinac, 2016). However, 
these morphological changes have a minor extent compared to round egg 
mutant phenotypes and were mainly caused by a altered uptake of the yolk by 
the oocyte that is provided by the nurse cells (Andersen and Horne-
Badovinac, 2016). 
 
It was further proposed that actomyosin contractions in the follicle epithelium 
may contribute to egg chamber elongation. Similar contractions have already 
been shown to promote tissue morphogenesis in the Drosophila embryo, 
where they drive apical constriction in order to invaginate the embryo 
mesoderm (Martin et al., 2009). Further actomyosin contractions at cell-cell 
interfaces along the DV axis specifically drive cell intercalations to promote 
germband extension (Bertet et al., 2004). It has been proposed that apical 
actomyosin contraction is responsible to balance the forces that come from 
the growing oocyte to maintain the follicle cell shape. However, there was no 
evidence for it to promote egg chamber elongation and further quantitative 
analysis did not show any evidence for apical constriction to occur (Kolahi et 
al., 2009). Live imaging was used in order to observe actomyosin behavior. 
He et al. (2010) found that follicle cells of stage 9/10 egg chambers undergo 
basal oscillations. Myosin oscillations appear in a band of follicle cells that 
surrounds the transient region between oocyte and nurse cells, which is 
approximately in the middle part of the egg chamber, depending on the stage. 
Here these cells periodically accumulate myosin whereas the basal cell area 
constricts (He et al., 2010). A decrease of contraction speed together with 
higher myosin accumulation causes egg chambers to increase elongation. 
Interestingly, period is comparable with the period for myosin contractions I 
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detected for round fat258D mutant egg chambers. Further they showed 
whenever the actomyosin periods are shorter and myosin accumulation is 
weaker, egg chambers get roundish (He et al., 2010). These data suggest, 
not periodicity, but rather the amount of accumulating myosin during basal 
contraction could have an influence on the egg shape. Further, myosin-
inhibitors reduce egg chamber elongation, suggesting that myosin is required 
for egg chamber elongation (He et al., 2010). As actomyosin contractions 
form a central belt perpendicular to the egg chamber it was thought to act as a 
broader molecular corset along a region where the greatest force would be 
required to resist isotropic growth (Gates, 2012; He et al., 2010). However, 
myosin-inhibitors do not only block basal myosin but also global processes 
where myosin is involved. Hence, it requires further experiments to conclude 
basal contractions being involved in egg chamber elongation. 
 
Investigation of morphogenetic changes during development revealed the 
requirement of a set of co-occurring processes. For instance in Xenopus 
convergent extension depends on migration, and migration requires the cells 
to undergo cell shape changes by changing intracellular properties (Elul and 
Keller, 2000). Similarly, to shape the egg chamber it is very likely that more 
than one mechanism is required to mediate its morphological changes during 
development and maybe all discussed processes contribute to a certain 
extent – some more, others less. 
 
9.5 New model of egg chamber elongation 
My findings allow a separation of egg chamber elongation from microtubule 
orientation, Fat2 planar polarity and most importantly egg chamber rotation. 
Nevertheless, there are still some mechanisms that are likely to drive the 
required morphogenetic forces to elongate the egg chamber (Figure 28). As 
rotation was thought to play a key role for egg chamber elongation (Cetera et 
al., 2014; Haigo and Bilder, 2011), a new model needs to be assembled. 
How the egg chamber elongates until stage 7 is unknown and requires further 
investigations, including a detailed analysis of oriented cell division and cell-
cell intercalations by live imaging. From stage 7 onwards, elongation can be 
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supported by the basal F-actin cytoskeleton that is provided between stages 6 
and 8. It is proposed to restrict radial egg chamber expansion and forces the 
egg chamber to grow along the AP axis. Simultaneously, the ECM that is 
connected to the basal cytoskeleton of the follicle cells and is retained until 
stage 12 provides additional radial, mechanical resistance. At stages 9 and 10 
oscillatory actomyosin contractions within the middle region of the egg 
chamber provide a further belt for stabilization. Finally, throughout egg 
chamber development elongation can be influenced by circumferentially 
aligned muscle sheath, although these muscles provide only a minor 
contribution. 
 
Figure 28. Scheme of processes during egg chamber development that co-
occur with egg chamber elongation. 
The egg chamber development provides the indicated molecular processes that that 
co-occur during egg chamber elongation. By the findings of this thesis some of these 
processes are likely contribute to egg chamber elongation, others in turn, which 
previously have been assigned to egg chamber elongation, can now be excluded 





9.6  Future perspectives 
The structure-function analysis of Fat2 provided interesting insights into the 
mechanism how an egg chamber is elongated during development. Although 
now egg chamber rotation can be excluded to function as a directional 
template in order to establish the alignment of basal F-actin filaments, it is 
now of high interest which component of the follicle epithelium is responsible 
for that alignment. As expression of the protein Fat2∆ICR still leads to an 
alignment of F-actin filaments, the extracellular region plays a key role. To find 
the molecular role of the 34 cadherin domains and the 6 EGF-repeats as well 
as the Laminin-G domain of Fat2, another construct that lacks the sequence 
encoding for the respective domain could assign their function of Fat2 in 
terms of F-actin alignment. To find a potential binding partner interacting with 
the extracellular region of Fat2 immunoprecipitation or mass spectrometry can 
be done. Further, fat258D mutant egg chambers showed an altered Dlar 
localization. To test whether Dlar is a valuable candidate to interact with Fat2, 
it can be used for immunoprecipitation as well. Analysis of whether Dlar 
localization is rescued in Fat2∆ICR-GFP expressing fat258D mutant egg 
chambers will additionally provide understandings about their interaction or 
dependency of localization.  
 
Although or especially because of the fact that egg chamber rotation is a 
morphogenetic process without detectable functions and to date restricted to 
insects and some in vitro-cultured cell aggregates of vertebrate cells (Fux et 
al., 1978; Tanner et al., 2012; Wang et al., 2013), it still remains exciting to 
focus on that process. Maybe in future rotation of edgeless tissues turns out 
to be of high relevance for processes that till now are unidentified. 
fat258D mutant Fat2∆ICR-GFP expressing flies do not undergo rotation albeit 
they are elongating. How is it possible to stall rotation by deleting the rather 
small intracellular domain, where none but three WIRS motifs have been 
identified (Chen et al., 2014; Squarr et al., 2016). Whether Fat2-ICR is 
required to promote the formation of the leading edge protrusions that cause 
directed global tissue migration could be answered by life imaging of fat258D 
mutant Fat2∆ICR-GFP expressing egg chambers. It is possible that 
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machineries of the focal adhesions being altered in these egg chambers. 
Therefore, analysis of the focal adhesion co-localizing components such as 
integrin, Enabled, the p21-activated kinase Pak and α-actinin will give 
additional insights whether Fat2 being involved in controlling the formation of 
these cell-ECM connectors and thereby induces egg chamber rotation. Life 
imaging by using Life::act will be an useful tool to observe not only protrusions 
but also the whip-like protrusions that are formed at the vertices. Depending 
on their directionality they could even provide a more powerful driving force. 
Comparing whip-like protrusions of wild type egg chambers with those from 
Fat2∆ICR-GFP expressing fat258D mutant egg chambers could explain the 
absence of egg chamber rotation. To test whether the Fat2-ICR region is 
required to mediate focal adhesion attachment to the underlying ECM that is 
the migration motor for whole tissue rotation, could be done by optical 
trapping. This procedure was used to measure the attachment forces of focal 
adhesions in MDCK cells (Wu et al., 2005). These cells were exposed to 
Collagen IV-coated glass surface and Collagen IV-coated beads. The 
attachment force was measured by adjusting different laser power to disrupt 
molecular connection, similar to laser ablation experiments (Wu et al., 2005). 
 
Recent studies together with the results of my thesis correlate microtubule 
orientation with planar polarization of Fat2 (Viktorinova and Dahmann, 2013). 
The atypical cadherin Flamingo and PCP-establishing protein Frizzled gets 
actively transported via microtubules to stabilize their planar polarized 
localization at the respective cell edge in the Drosophila wing disc (Shimada 
et al., 2006). To test whether Fat2 is transported via microtubule trafficking, 
Fat2∆ICR-GFP provides an attractive tool to track protein transport. Fat2-GFP 
expressing egg chambers provide microtubules that arrange their (+)-ends 
towards the Fat2 enriched cell membranes (Viktorinova and Dahmann, 2013). 
The direction of microtubule arrangement in Fat2∆ICR-GFP in the fat258D 
mutant egg chambers requires analysis of Eb1::GFP trafficking in vivo that is 
a GFP-tagged microtubule plus-end binding protein (Shimada et al., 2006). By 
comparison of Fat2-GFP trafficking live and in vivo to cells that express 
Fat2∆ICR-GFP in the fat258D mutant background by live imaging, will test 
whether Fat2 movement follows microtubule orientation. These findings will 
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give insights into how planar polarity of Fat2 is established and regulated in 
the egg chamber.  
The mechanisms and their interplay that are required for morphogenetic 
changes in the egg chamber are still puzzling. To address whether the follicle 
epithelium changes its arrangement by cell-cell intercalation live imaging 
approaches will be indispensable. Especially, live imaging of myosin II and 
myosin activators, like RhoA or ROCK, will show whether there are 
observable junctional contractions that can cause membranes to shrink and 
cells to undergo neighbor exchange. Finding cell-cell intercalations requires 
long-time imaging of probably over more than 6 hours and perfect culturing 
conditions for ex vivo survival of the sensitive tissue.  
 
Another mechanism correlating with egg chamber elongation is the 
actomyosin-driven contractions in egg chambers of stage 9 and 10. 
Oscillation speed depends on fat258D, whereas myosin-enrichment was 
documented to negatively influence functional contractions and thereby inhibit 
egg chamber elongation (He et al., 2010). Investigations about whether 
myosin-accumulation is enhanced in fat258D mutants and whether myosin 
intensities are rescued in Fat2∆ICR-GFP expressing egg chambers will further 
test this hypothesis. 
 
In order to find out a more global role for Fat2 and its homologues during 
animal development, another approach can be established by driving 
expression of the fly-specific Fat2 in another system like the zebrafish 
embryo. Here the protocadherin Fat3, a vertebrate orthologue of Fat2 in 
Drosophila, plays a role in Hippo signaling and is responsible to control cell-
cell intercalations by Dachsous2 interaction (Le Pabic et al., 2014). It would 
be interesting, whether the Drosophila Fat2 could replace the zebrafish Fat3 
functionally. The findings might reveal conserved domains of the proteins and 





9.7  Impact on tissue morphogenesis in general 
Global tissue rotation was not only suggested to drive tissue morphogenesis 
in Drosophila (Cetera et al., 2014; Haigo and Bilder, 2011). Further 
observations in mammalian tissues revealed that here single cells or a group 
of epithelial cells forming a spherical structures undergo rotational motions 
(Tanner et al., 2012; Wang et al., 2013). In vitro experiments with mammalian 
cells revealed rotational movements are restricted to epithelial cells (Huang et 
al., 2005). Interestingly, the cell-cluster rotation depends on proper cell 
polarity and on a network of extracellular matrix proteins, and the absence of 
these movements has been correlated with the generation of cancer (Tanner 
et al., 2012; Wang et al., 2013). The rotation was proposed to be a requisite to 
maintain a spherical structure of the multicellular aggregate of breast cancer 
cells. Rotation is stalled after myosin-inhibition and subsequently cells change 
their architecture and undergo malignant transformation (Tanner et al., 2012). 
For some cell aggregates and tissues rotation has been proposed to influence 
morphogenesis. My findings indicate that although rotation parallels 
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% This routine produces a vectorfield of alignment directions using small 
% subwindows in the real space image.  Images should be grayscale images. 
% Angles determined are oriented as follows: 
% 
%                            ^  180? 
%                            | 
%                            | 
%                            ------>  90? 
%                            | 
%                            | 
%                            v  0? 
% 
% Order Parameter value:   0 = Complately random alignment 
%                          1 = Perfectly aligned 
% 
% Inputs: 
%       im          = the image to analyze. Can be any bit-depth. Can input 
%                     as a matrix or as a filename 
%       winsize     = Size of the sub windows. Must be odd. (Default is 33) 
%       overlap     = How much the windows overlap. Value should be between 0 
%                     (complete overlap) and 1 (no overlap). (Default is 
%                     0.5) 
%       st          = order parameter spacing. Considers a window of size 
%                     2*st+1 to compare vectors to. Depending on the 
%                     overlap size, you'll want to change this. (Default is 
%                     2) 
%       checkpoint  = threshold value above which to do the caculation. The 
%                     sum of the image intensity in the window needs to be 
%                     above this value for the routine to calculate a vector 
%                     for the given window (Default is 0 - i.e. every 
%                     window) 
APPENDIX 
 135 
%       mask_method = Determines the method to mask the FFT when 
%                     determining the moment calculation. Global (val = 1) uses 
%                     a circle for every window. Local (val = 2) uses a 
%                     local threshold for each subwindow. (Default = 1) 
%       maskname    = Should be a logical mask the same size as im. Will 
%                     only analyze regions where the mask is true. An 
%                     empty input will analyze the entire image. Can input 
%                     as a matrix or a filename 




%       Everything is stored in a structure file FFTAlignmentData 
%       anglemat     = A matrix of the calculated alignment direction in degrees. 
%       ordermat     = A matrix of the calculated order parameter; 
%       pos          = row and column positions for each vector 
%       vec          = vector direction components [coldisp rowdisp] 
%       hist_bins    = bin values for the histogram of angles 
%       hist_val     = # of angles in each bin 
%       his_val_norm = normalized values of the histogram 
%       parameters   = parameters used in the routine 
% 
% 
% All rights and permissions belong to: 
% Patrick Oakes 
% poakes@uchicago.edu 





function [FFTAlignmentData] = 
FFTAlignment(im,winsize,overlap,st,checkpoint,mask_method,maskname,figures) 
 
% Check inputs and set defaults 
if nargin == 1 
    winsize = 33; %Much smaller than 33 and things get dicey. 
    overlap = 0.5; %Shouldn't go less than 0.25 
    st = 2 ; %2*st+1 window size to calculate order parameter 
    checkpoint = 0; % threshhold sum in each window to do the calculation 
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    mask_method = 1; %global = 1; local = 2; 
    figures = 1; % plot figures after calculation 
    maskname = []; %Analyzes the entire image 
end 
 
if nargin == 2 
    overlap = 0.5; 
    st = 2 ; 
    checkpoint = 0; 
    mask_method = 1; 
    figures = 1; 
    maskname = []; 
end 
 
if nargin == 3 
    st = 2 ; 
    checkpoint = 0; 
    mask_method = 1; 
    figures = 1; 
    maskname = []; 
end 
 
if nargin == 4 
    checkpoint = 0; 
    mask_method = 1; 
    figures = 1; 
    maskname = []; 
end 
 
% read in image if it isn't already stored 
if ischar(im) 
    im = imread(im); 
end 
 
% for masking images to only analyze part of it 
if isempty(maskname) 
    immask = ones(size(im)); 
else 
    if ischar(maskname) 
        immask = logical(imread(maskname)); 
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    else 
        immask = logical(maskname); 
    end 
end 
 
% store parameter values for saving 
paramValues.winsize = winsize; 
paramValues.overlap = overlap; 
paramValues.st = st; 
paramValues.checkpoint = checkpoint; 
paramValues.mask_method = mask_method; 
paramValues.figures = figures; 
 
% warning off 
im2 = zeros(size(im)); 
 
im = double(im); 
winrad = floor(winsize/2); 
winspace = ceil(winsize*overlap); 
 
 
% Filter used to remove edge effects of transform 
gauss_filter = fspecial('gaussian',[winsize winsize],winsize/4); 
 
% mask to apply during moments calculation 
r = 0.75*winrad; % Kind of arbitrary choice.  Just needs to go to zero near edges 
 
% global mask method 
if mask_method == 1 
    mask = fspecial('disk',r); 
    mask = vertcat(zeros((winsize-size(mask,1))/2,size(mask,2)),mask,zeros((winsize-
size(mask,1))/2,size(mask,2))); 
    mask = horzcat(zeros(size(mask,1),(winsize-
size(mask,2))/2),mask,zeros(size(mask,1),(winsize-size(mask,2))/2)); 








sz = size(im); 
 
% Find points to sample with a window size of 2*winrad+1 and spacing of winspace 
grid_row = winrad+1:winspace:sz(1)-winrad; 
grid_col = winrad+1:winspace:sz(2)-winrad; 
numRows = length(grid_row); 
numCols = length(grid_col); 
 
% counter 
k = 0; 
 
% Create a matrix to hold all the data we're going to need 
anglemat = zeros(numRows,numCols)*NaN; 
 
% Sets string format for verbose progress output 
strForm = sprintf('%%.%dd',length(num2str(numRows))); 
fprintf('Starting row '); 
 
for i = 1:numRows 
     
    % Display our count as we go through the image 
    procStr = sprintf(strForm,i); 
    fprintf(1,[procStr,' of ',num2str(numRows)]); 
     
    for j = 1:numCols 
         
        if immask(grid_row(i),grid_col(j)) == 1 
             
            % Create small window in real space and apply FFT and Gaussian filter 
            window = im(grid_row(i)-winrad:grid_row(i)+winrad,grid_col(j)-
winrad:grid_col(j)+winrad); 
             
            % Create a checkpoint for doing calculation if sum of signal is 
            % insignificant (i.e. if it's just blackspace) 
            if sum(window(:)) > checkpoint 
                 
                window_fft = fftshift(fft2(window.*gauss_filter)); 
                im2(grid_row(i)-winrad:grid_row(i)+winrad,grid_col(j)-winrad:grid_col(j)+winrad) = 
window_fft; 
                k = k + 1; 
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                if sum(window_fft(:)) ~= 0 
                     
                    window_fft = sqrt(window_fft.*conj(window_fft)); 
                     
                    % local mask method 
                    if mask_method == 2 
                        mask = zeros(size(window)); 
                        pts = window_fft>(2*mean(window_fft(:))); 
                        mask(pts) = 1; 
                        masklab = bwlabel(mask); 
                        stats = regionprops(masklab,'area'); 
                        stats = [stats.Area]; 
                        val = find(stats == max(stats)); 
                        maskthresh = zeros(size(mask)); 
                        maskthresh(masklab==val) = 1; 
                         
                        % Mask the fft for the moment calculations 
                        win = log(window_fft).*maskthresh; 
                    else 
                        win = window_fft.*mask; 
                    end 
                     
                    % Calculate the various Moments 
                    M00 = sum(win(:)); 
                    M10 = sum(sum(x.*win)); 
                    M01 = sum(sum(y.*win)); 
                    M11 = sum(sum(x.*y.*win)); 
                    M20 = sum(sum(x.*x.*win)); 
                    M02 = sum(sum(y.*y.*win)); 
                     
                    % The Center of Mass 
                    xave = M10/M00; 
                    yave = M01/M00; 
                     
                    % Calculate the central moments 
                    mu20 = M20/M00-xave^2; 
                    mu02 = M02/M00-yave^2; 
                    mu11 = M11/M00-xave*yave; 
                     
                    % Angle of axis of the least second moment 
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                    theta = 0.5*atan(2*mu11/(mu20-mu02)); 
                     
                    % Convert angle to proper orientation for my frame of reference 
                    if theta > 0 && theta < pi/4 
                        theta = pi/2-theta; 
                    end 
                    if theta > -pi/4 && theta < 0 
                        theta = -1*theta; 
                    end 
                     
                    % Find points to draw line scans 
                    x2 = xave+r*cos(theta); 
                    y2 = yave-r*sin(theta); 
                     
                    x3 = xave-r*sin(theta); 
                    y3 = yave-r*cos(theta); 
                     
                    % Interpolate line scans 
                    line1 = improfile(log(window_fft),[xave x2],[yave y2],r); 
                    line2 = improfile(log(window_fft),[xave x3],[yave y3],r); 
                     
                    % Determine which line is the maximum and minimum direction and correct theta 
accordingly 
                    if sum(line1) > sum(line2) 
                        maxline = line1; 
                        minline = line2; 
                        if x2 < xave 
                            theta = theta + pi/2; 
                        end 
                    else 
                        maxline = line2; 
                        minline = line1; 
                        if x3 < xave 
                            theta = theta + pi/2; 
                        end 
                    end 
                     
                    anglemat(i,j) = theta; 
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                else 
                    anglemat(i,j) = NaN; 
                end 
                 
                pr(k) = grid_row(i); 
                pc(k) = grid_col(j); 
                ur(k) = -1*floor(winrad/2)*cos(theta); 
                vc(k) = -1*floor(winrad/2)*sin(theta); 
                ur2(k) = floor(winrad/2)*cos(theta); 
                vc2(k) = floor(winrad/2)*sin(theta); 
                ang(k,1) = theta; 
            end 
        end 
    end 
     
    %make our verbose output overwrite the previous line 
    if i <length(grid_row) 
        for jj = 1:(length(procStr)+4+length(num2str(numRows))) 
            fprintf(1,'\b'); 
        end 
    end 
end 
 
% Calculate the order parameter 
ordermat = NaN(size(anglemat)); 
for i = st+1:size(anglemat,1)-st 
    for j = st+1:size(anglemat,2)-st 
        temp = anglemat(i-st:i+st,j-st:j+st); 
        temp2 = repmat(anglemat(i,j),2*st+1,2*st+1); 
        comp = cos(temp-temp2); 
        comp = comp.*comp; 
        ordermat(i,j) = 2*(nanmean(comp(:))-.5); 
         
        clear temp temp2 comp 
    end 
end 
 
% convert angle matrix to degrees 




% make a histogram of the angles 
bin = (1:1:180)'; 
[val bin] = hist(anglemat(:),bin); 
N = sum(val); 
valnorm = (val/sum(val))'; 
 
pos = [pc', pr']; 
vec = [vc2', ur2']; 
% store data 
FFTAlignmentData.anglemat = anglemat; 
FFTAlignmentData.ordermat = ordermat; 
FFTAlignmentData.pos = pos; %vector base positions [col row] 
FFTAlignmentData.vec = vec; %vector direction components [coldisp rowdisp] 
FFTAlignmentData.hist_bins = bin; 
FFTAlignmentData.hist_val = val; 
FFTAlignmentData.hist_val_norm = valnorm; 
FFTAlignmentData.parameters = paramValues; 
 
if figures == 1 
    % display images with vector alignment 
    figure 
    imshow(im,[min(im(:)) max(im(:))*.8]) 
    hold on 
    % because of the way the image axes are oriented you 
    % quiver(column,row,coldisp,rowdisp,noscaling,color) 
    quiver(pc,pr,vc2,ur2,0,'g') 
    % if you want to plot the vectors pointing in the opposite direction 
    % quiver(pc,pr,vc,ur,0,'r') 
     
    % display a histogram of vector orientations 
    figure 
    bar(bin,val); 
    title('Histogram of Vector Orientations') 
     
    figure 
    imshow(ordermat,[],'InitialMagnification',500) 






12.2  Script for “Test1” 
 
FFTAlignmentData=FFTAlignment('File name of the microcope image'); 
 




% Routine to average the alignment vectors produced from FFTAlignment.m in 
% small regions. 
% 
% Input: 
%       imname      : string of the image name to analyze (i.e. '560.tif') 
%       maskname    : string of the mask indicating the regions to analyze. 
%                     Image should be black background with white regions to 
%                     analyze (ie. 'cellmask.tif') 
%       FFTdataname : string for a .mat file that has the FFTAlignmentData 
%                     variable saved from running FFTAlignment.m (i.e. 
%                     'FFTactinalignment.mat') 
% 
% Output: 
%       CellAve  : matrix with 6 columns and number of rows equal to the 
%                  number of regions 
%                  column (1) = region number 
%                  column (2) = mean angle of alignment in that region (0 is 
%                               straight down, 90 to the right, 180 straight 
%                               up). Unit is degrees 
%                  column (3) = horizontal position of center of mass of region 
%                  column (4) = vertical position of center of mass of region 
%                  column (5) = horz component of mean alignment 
%                  column (6) = vertical component of mean alignment 
%       CellData : struture file containing the individual alignment 
%                  vectors for each region 
% 
% All rights and permissions belong to: 
% Patrick Oakes 
% poakes@uchicago.edu 







function [CellAve CellData] = AverageCellAlignment(imname,maskname,FFTdataname) 
% load in the local alignment data 
load(FFTdataname) 
pos = FFTAlignmentData.pos; 
vec = FFTAlignmentData.vec; 
ang = FFTAlignmentData.anglemat(:); 
 
% load in the cell outline mask 
mask = logical(imread(maskname)); 
masklab = bwlabel(mask); 
currentmask = zeros(size(mask)); 
 
% calculate the number of cells to analyze 
Ncells = max(masklab(:)); 
 
% find the points where we calculated the local alignment 
pts = sub2ind(size(mask),pos(:,2),pos(:,1)); 
Nvec = length(pts); 
 
% This for loop calculates the average alignment for each cell 
for index = 1:Ncells 
    % initialize blank mask 
    currentmask = currentmask*0; 
     
    % find the current cell and the points in that cell 
    template = find(masklab==index); 
    currentmask(template) = 1; 
     
    % determine which local alignment vectors are in that cell 
    keep = zeros(Nvec,1); 
    for k = 1:Nvec 
        if currentmask(pts(k)) == 1 
            keep(k) = 1; 
        else 
            keep(k) = NaN; 
        end 
    end 
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    if nansum(keep) == 0 
        fprintf('No alignment vectors in region %d\n',index) 
        % data for each cell 
        CellData(index,1).ang = []; 
        CellData(index,1).r = []; 
        CellData(index,1).c = []; 
        CellData(index,1).u = []; 
        CellData(index,1).v = []; 
         
        % store the data as the [cell number, mean angle, mean row coordinate, mean 
        % column coordinate, sin(meanangle), cos(meanangle)] 
        CellAve(index,1) = index; 
        CellAve(index,2) = NaN; 
        CellAve(index,3) = NaN; 
        CellAve(index,4) = NaN; 
        CellAve(index,5) = NaN; 
        CellAve(index,6) = NaN; 
    else 
         
        % pull out the just the data for that cell 
        cellr = keep.*pos(:,2); 
        cellr(isnan(cellr))=[]; 
        cellc = keep.*pos(:,1); 
        cellc(isnan(cellc))=[]; 
        cellu = keep.*vec(:,1); 
        cellu(isnan(cellu))=[]; 
        cellv = keep.*vec(:,2); 
        cellv(isnan(cellv))=[]; 
         
        clear cellang 
        % calculate the angles for the vectors 
        N = length(cellu); 
        for i = 1:N 
            if cellv(i) > 0 
                if cellv(i) > cellu(i) 
                    cellang(i,1) = 180/pi*atan(cellu(i)/cellv(i)); 
                else 
                    cellang(i,1) = 90 - 180/pi*atan(cellv(i)/cellu(i)); 
                end 
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            else 
                if abs(cellv(i)) > cellu(i) 
                    cellang(i,1) = 180 - 180/pi*atan(cellu(i)/abs(cellv(i))); 
                else 
                    cellang(i,1) = 90 + 180/pi*atan(abs(cellv(i))/cellu(i)); 
                end 
            end 
        end 
         
        % determine the average angle 
        a = cellang; 
        N = length(a); 
        k = 0:5:180; 
        for p = 1:length(k) 
            for i = 1:N 
                if a(i) < k(p) 
                    a2(i,1) = a(i)+180; 
                else 
                    a2(i,1) = a(i); 
                end 
            end 
            f(p,1) = p; 
            f(p,2) = mean(a2); 
            f(p,3) = std(a2); 
            clear a2 
        end 
        smin = find(f(:,3)==min(f(:,3)),1,'first'); 
        meancellang = f(smin,2); 
         
        % make sure the angle is between 0 and 180 degrees 
        if meancellang > 180 
            meancellang = meancellang - 180; 
        end 
        if meancellang < 0 
            meancellang = meancellang + 180; 
        end 
         
        % data for each cell 
        CellData(index,1).ang = cellang; 
        CellData(index,1).r = cellr; 
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        CellData(index,1).c = cellc; 
        CellData(index,1).u = cellu; 
        CellData(index,1).v = cellv; 
         
        % store the data as the [cell number, mean angle, mean row coordinate, mean 
        % column coordinate, sin(meanangle), cos(meanangle)] 
        CellAve(index,1) = index; 
        CellAve(index,2) = meancellang; 
        CellAve(index,3) = round(mean(cellc)); 
        CellAve(index,4) = round(mean(cellr)); 
        CellAve(index,5) = sin(meancellang*pi/180); 
        CellAve(index,6) = cos(meancellang*pi/180); 
         
        clear f p a 
    end 
end 
 
% Show Original Image 
figure 
im = imread(imname); 
imshow(im,[min(im(:)) max(im(:))*.8]) 
hold on 
% plot the average for each cell 
quiver(CellAve(:,3),CellAve(:,4),CellAve(:,5),CellAve(:,6),.25,'r') 
 
% % Plot vectors for each cell as separate colors 
% co = jet(Ncells); 
% for i = 1:Ncells 
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